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GROWTH OF DISTURBANCES IN A FLAME-GENERATED SHEAR REGIONL

By Perry L. Blackshear, Jr.

SUMMARY

The growth of trensverse velocity disturbances in the shear regiom
caused by a flame in a duct is examined theoretically and experimentally.

The theoretical asnalysis consists of a stebility analysis of a flow
field arising from a flame in & duct. The flow is found to be neutrally
stable to symmetric disturbances and unstsble to antisymmetric ones.

In following the history of a disturbance of given frequency from
the flameholder downstream, it is found that a most-amplified frequency
exists, which is equal to flow velocity divided by duct width. Disturbancos
at frequencies grester or less than this sre amplified less than this one.

The amount that an incoming disturbance is amplified depends on the
flame slope. For the most-amplified frequency, the ratio of terminal to

initial trensverse disturbance velocity is equal to (l.l)l/SloPe where

the slope is roughly turbulent flame speed divided by flow velocity.
This ratio of terminal to initial transverse disturbance velocity is de-
pendent on inlet veloclty and flame speed only in the stated manner and
is essentially Independent of density ratio.

The critical wavelength separating disturbances that grow from those
that do not grow varies as a constant times flame width, where the con-
stant is 2% for flames that are narrow compared with duct width and be-
comes infinite as the flame reaches the wall. The flow is unstable to
disturbances having wavelengths greaster than critical. Thus, short-
wavelength (i.e., high-frequency) disturbances achieve their terminal
amplifications near the flameholder, while long-wavelength disturbances
achieve theirs farther downetream. The most-amplified disturbance
achieves its terminal amplification when the flame fills 0.60 of the duct.

lOriginally submitted as a doctoral thesis at Case Institute of
Technology under professor Harold G. Elrod.
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The results are related to measureble quantitlies in the form of.
(1) Flame-front displacement
(2) Phase velocity

(3) To & first approximation, the effect of disturbance frequency
on flame propasgation veloclty

The experimental part of the program consisted of imposing disturb-
ances of various frequencies upon a flame stabilized in a duct and measur-
ing the effects through shadow photography ‘and photomultiplier probe sur-~
veys. The efforts to verify elements of the theory are encouragling but
not conclusive. Reasonsble agreement 1g achieved in the comparison of
flame-front displacement and phase velopity. In the measurements of the
effect of frequency of disturbance on fleme speed, there appeared to be
a most-effective frequency, Jjust twice the most-amplified frequency given
by theory. : -

There is no direct evlidence of transition due to those disturbances.
The flow was turbulent in. all cases owing to transition in the flameholder
boundary layer, either on the flameholder or near the point of separation.
There was evidence, however, that the base turbulent flame, wrinkled by
the long-wavelength dlsturbences, was altered (made more turbulent) when
the disturbances were present. In other words the large-amplitude,
long-wavelength disturbances cause & sort of transition in the already

turbulent flow, amplifying the smaller scale disturbances present.

INTRODUCTION .

This work investigates the stability of the flow field erising from
an enchored fleme in s duct, a subject which is of interest for two

reasons:

(1) Experimental investigations have shown thst the turbulent flame
speeds attained in a fleme anchored in a duct depend more strongly on the
turbulence originating in the shear regions generated by the flameholder
and flame then on the turbulence in the incident ges streanm.

(2) Some transverse modes of burner résonence encountered have been
accompanied by an increase in the rate of flame propagation.

DEFENDENCE OF TURBULENT FLAME SPEED ON DISTURBANCES

ORIGINATING IN SHEAR REGIONS _
The problem of describing the flow field that arises when a flame 1s
anchored in a duct was first posed and solved by Scurlock (ref. 1). One
result of this work was the relation between the fraction of mixture
burned and the local flsme width. Scurlock used this result to measure

Lrrac
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turbulent flame speeds in an experiment originally designed to glve the
effect of inlet turbulence on flame speeds. He found that turbulence
asgociated with two regions of shear flow masked, to a great extent, the
effect of imposed streem turbulence. These two reglons consist of the
near weke of the flameholder and the shear region associsted with the
fully developed flame in & duct. The latter shear region is caused by
the pressure gradient acting on geses of different demsities. Scurlock
calculated the velocity profile in this region.

In flow past cylinders without flames, eddies asre encountered.
Scurlock found thet the flame seated on & cylindrical flameholder pre-
vented eddies from shedding from the flameholder over the range of
Reynolds numbers investigaeted (up to approximately 15,000). Haddock
(ref. 2) and Zukowski (ref. 3) in investigating the mechanism of flame
segting on cylindrical rods found that the boundary layer separating
from either side of the rod underwent transition from laminar to turbu-
lent flow. The transition point was found to approach the point of sep-
aration at a Reynolds number of sbout 10%. The work of references 2 and .
3 shows that transition in the flameholder boundary layer is one mechanism
for producing turbulence in the shesr region near the flameholder.

The role played by the second shear reglon cited by Scurlock as a
source of turbulence has not been directly investigasted. After obtain-
ing experimental results similar to those of Scurlock, several investi-
gators (e.g., refs. 4 and 5) have arrived st the conclusion that turbu-
lence is generated in this region. The types of ergument leading to
these conclusions are briefly indicated in the following discussion.

Theories of turbulent flame propagation have been postulated for
two types of turbulence:

(1) Turbulence with & scale small compared to a laminar flame-front
thickness

(2) Turbulence with a scale large compared with laminar flame-front
thickness (refs. 6 to 8)

Experiments conducted in the gbsence of shear regions gave good agreement
between values predicted by the large-scale turbulence theory and experi-
mental values of flame speed (refs. 9 to 12). Experiments conducted in
the presence of shear regions (refs. 5, 8, and 13) gave flame speeds
higher than those predicted by theory.

There is a current controversy concerning the interpretation of
this difference (refs. 5, 8, and 13 to 16). There is general agreement
that, when a shear region exists and the shear region in question is of
the type associated with an anchored flame in & duct, the higher flame
speed 1s due in part to turbulence amplified by or originsting in this
shear region.
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Rayleigh (ref. 17) observed that some jets and diffusion flames are
sensitive to certain imposed transverse disturbances. He performed an
inviscld stebility analysis on a _A_ velocity profile and found the
profile unstable to antisymmetric disturbances, but neutrally stable to
syrmetric wavy disturbances. This result agreed with hls observations
on sensitive flames and jets. Some of the limitations of Rayleights
work are considered in the section THEORY: STABILITY OF FLOW FOR A FLAME
IN A DUCT. The analytical method used by Raylelgh is applied in the
present examination of the instability bf flame-zone flow to imposed

disturbances.

EFFECT OF COMBUSTOR OSCILLATIONS IN INCREASING
RATE OF FLAME PROPAGATION

A great variety of combustlon-chamber resonances have been observed
in Jet-engine combustors (refs. 18 to 21). These resonances most often
involve some mode of acoustic oscillation in the combustion chember.
Reference 18 discusses modes that Involve longitudinal ges and flame
motlon and reports a falloff in combustor performance when these oscilla~
tions occur.

Reference 138 discusses a type of resonance identifled as a transverse
mode of oscillation in the combustion chamber. Accompenying this type of
oscillation was an apparent increase in cotibustion efficiency (ref. 19)
and in the rate of flame spreading (ref. ZO) There is & possibility
that thls type of oscillation with an scoustic wavelength controlled by
duct dimensions could excite a wavy disturbence that would subsequently
be amplified by the flame-generated shear Ieglon.

Unfortunately, these transverse modes (called screech) also cause
the destructlon of the burner walls when the screech becomes severe
enough (ref. 20). In reference 21, pictures are shown of the flame near
the flemeholder when a combustor was resonating in e transverse mode. A
strong interaction was apparent in the form of fleme wrinkles forming at
the flemeholder and growing in amplitude aF they moved downstream. It
seems apparent that at least one of the ways the transverse oscillation
increases the rate of flame spreading is by wrinkling, hence extending,
the interface between the burned and unburned gases. a

If the oscillation that dlsturbs the flame at the flameholder is
supplied locally (by some suitable exciting mechanism) at the flameholder
wilthout relying on the sometimes destructive combustor resonance to do
the exciting, some of the benefits of screech can be realized without its
penalties. The gains in flame speed should be greatest for those fre-
quencies of excitation that are smplified by the flame. It is hoped tpat

I B

"



3877

RACA TN 3830 ' 5

by examining the sensitivity of a flame in a duct to imposed disturbances
an excitation frequency may be found thet gives the optimum incresse in
flame speed.

This report is divided into three parts, theory, experiment, and
discussion. A separate introduction is given for the first two parts
describing the intent. The discussion welghs the results of the other
parts and contains some extrspolations.

SYMBOLS

The principsl symbols are defined in the following 1list; special
symbols are defined where used.

(AD/AU)A ratio of turbulent undisturbed fleme surface area to disturbed
flame surface ares measured from flame photogrephs

(AD/AU)P ratio of turbulent undisturbed flame surface area to disturbed
flame surface ares measured by photomultiplier

g,g,B, constants of integration
>
b width of shear region in Rayleigh's problem
bt half-width of plateau in velocity profile _~_
c complex phase velocity, ft/sec
cy imaginary part of complex phase velocity
Cp real part of complex phase velocity
F fraction burned
t frequency, cps
g gain; v' = vl g 1

3 0o K

1

g* gain; v' = v} g' 7T
h flame~front displacement from meen, ft

hy duct helf-width, £t
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flame helf-width, ft : -

imaginary number, 1/-1

dh _ .
consetant, EEE for an assumed flame-spreading mechanism

constant,-iga-

a EI - _

Eulerian scale of turbulence, ft
length of flame measured from wake, ft

length of flameholder wake, ft i
v4 + v
mean pressure, 1b/sq ft
pressure, 1b/sq ft
perturbation pressure, 1b/sq £t
Reynolds number

leminar fleme speed, ft/sec
turbulent flame speed, ft/sec

time, sec
flow velocity in x-direction, ft/sec

flow velocity in x-direction at plane of flameholder, ft/sec
flow velocity in x-direction in cold gas, ft/sec

flcw/velocity in x~-direction at apex of hot-gas veloclty profile,
ft/sec ol :

disturbsnce velocity in x-direction, ft/sec

L Lge
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o(y)

disturbance velocity in y-direction, ft/sec

coordinate in direction of duct axis (direction of mean flow), f%
coordinate at right angle to direction of mean flow, £t

wave number of disturbance, -1

wave number of disturbance based on initial veloeity and
frequency, f2x/Uq

wave number for neutral stebility based on inviscid snalysis, et

hot-gas velocity gradient, (U¥* - Uy)/hs, sec~1

-ah
e 1

-ah
o2

1+ r%

1-75
wavelength, £t

Zx oy
Qg

density, 1b sec?/ft*

perturbation density, 1b secz/f'b4

density of cold gas, 1b secz/ft4

density of hot gas, 1b secZ/ft?

y-distribution of disturbance amplitude, ftz/sec
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STABILITY OF FLOW FOR A FLAME TN A DUCT

INTRODUCTION

The 8teady-State Flow Field of & Flame Anchored in a Duct

The problem of describing the flowi field thet exlists when a fleame
i1s anchored In s duct was first posed end sdlved by Scurlock in 1948

(ref. 1).
orgted on the problem.

Subsequently, Tsien (ref. 22) and others (ref. 23) have elab-

The following teble summsrizes Scurlockts and
Tsien's assumptlons and results as they pertain to the present work.

Assumptions

Bcurlack

Common-

Teien

1. Fluld 1s incompres-
sible.

2. Density Jumps from
p1 to pp ecross the
flame front, is con-
stant in each reglonm.

1. Fluid is steady-
state, two-dimensional,
inviscid, non-heat=
conducting, non~
turbulent. :

2. Velocity, density,
and pressure eré unil-
form gt combustion
Inlet. ;

3. Btatle pressﬁre_is
uniform at any cross
section. ‘ )

4. The flameholder is
of negligible size, _
spens the combustor.

5. The fleme front 1s
of negligible thickness.

6. The chamber 1s_of
constant width. -

-

l. Two caeses are treat-
ed, the compressible
and incompressible. In
the incompressible cease
Scurlock's assumption
(2) holds; in the com~
pressible case, density
is allowed to vary in
the direction of flow.

2. The density ratio 1s
a constant across the
flame front at any
station.

3. The velocity profile
is composed of four
stralght~line segments.

Results

1. Velocity profile as
& function of flame
width: /\_ (slightly
concave to incoming
gas.)

2. Momentum pressure
drop as a function of
flsme width (i.e., of
fraction burned)

1. Fraction burned us
a function of flame
width 2

2. Cold-gas veléciti'
as g function of flame
width - -

1. Peak hot-gas veloc-
ity as a function of
flame width

2. Limiting inlet ve-
locity beyond which
complete combustion
cennot occur ss a func-
tion of density ratio
(for compreseible case)
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A stability snalysis is made of a parallel flow having a velocity
profile approximating the one found by Scurlock by means of straight-
line segments and & density distribution as taken by Scurlock, that is,
constant pl/pz.

The Stgbility Problem

The study of the origins of turbulent motion has received consider-
gble attention 1n the past, particularly with respect to turbulence oc-
curring in boundary lsyers. One of the ways the problem has been treated
is to assume the existence of infinitesimal wavy disturbances in the
flowing stream and seek the conditlons under which these disturbances are
amplified (refs. 24 and 25). In the spplication of this method to the
study of the stability of the laminar boundsry layer, a msjor objective
has been to determine a minimm Reynolds number below which all disturb-
ances decay snd the effect of velocity profile on this minimum Reynolds
number.

The relation between the amplification of wavy disturbances and the
transition to turbulence is supposedly that one leads to the other under
certain cilrcumstances. The desire to maintain laminar flow on alrfoils
makes sn understanding of transition an important practical problem. In
1941, Schubsuer and Skramsted (ref. 26) conducted an experiment in which
the disturbances introduced into a laminar boundary layer were carefully
controlled. They found & relation between the wave numbers of amplified,
neutral, snd damped disturbances and the Reynolds number that confirmed
the predictions of the infinitesimal wavy disturbance theory in almost
every limportant respect.

The practical velue of learning about the stability of a flow field
created by a flame in a duct would be in furnishing information theat
would enable combustor designers to encourage the growth of disturbances
in this region, because turbulence generally sids flame spreading. The
type of information needed is (l) a range of Reynolds numbers over which
the flow is unstable and (2) the type of disturbance that possesses the
greatest rate of smplification within this range. In the following L
qualitative discussion it appears that most flames of practical interest
are in a Reynolds number range (1) where amplified disturbances always
exist and (2) where wavelengths of disturbances that will be amplified
may be obtained, neglecting viscosity. '

If the disturbance varies as

vt = Q(y)eia(x-ct)

where the wave number o is resl, and the phase velocity ¢ 1s gener-
ally complex, then, as shown by Lin (ref. 24), the stebility of flows
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of the boundary-layer type (or of flows with symmetric profiles in a two-
dimensionsl channel) cen be illustrated by a graph of values of o for
neutral stability (i.e., where the imaginery part of c venlshes) egainst
Reynolds number Re. Two types of profile are discussed.

L1BEH

A profile without a point of infléction would possess the following
plot of o againset Re for cy = 0 .

Stable

ol

This curve is called the neutral envelope for the profile in gquestion.
Inside the envelope, disturbances are amplified (ecy > O); outside, dis-~

turbances are damped (ci < 0). Proceeding to the right from the minimum )
Reynolds number attained by the c4 = 0 curve are two branches of the )
curve ¢4 = 0. As Re becomes indefinitély great, both asymptotically

gpproach o = Q, - -

For the profile with & point of iﬁflggtion, a similar relation
a(c,Re) is obtained, as shown in the following graph _ i
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The significant difference between this plot for a profile with an
inflection point and the preceding plot for a profile without an inflec-
tion point is that the asymptotic values of the two branches gpproach
different limits for large values of Re. The upper branch aspproaches

o = 0g, the wave number for neutral stability obtalned by neglecting .

viscosity; the lower branch spproaches o = 0 as it does for a profile
without an inflection point. The Reynolds number range over which the
flow with an inflection point is unstable extends to Indefinitely large
Reynolds numbers. The flow generated by & fleme in a duct has, in effect,
an inflection point.

It is desirsble either by exaemple or direct calculation to determine
the order of msgnitude of the Reynolds number range over which the neutral ;
o departs from ag, that is, where viscosity has a dominating influence.

In two examples in the literature, Pretsch (ref. 27) and Lessen (ref. 28)
examined a flow with a flex for stability. In both instances the minimm
Reynolds number for c¢; = O was of the order of 10; the maximum Re,

where a for cg4 =0 differed from ag calculated from inviscid theory

by more then 2 percent, was of the order of 105. The profile of refer-
ence 27 is for a boundary lsyer with pressure rise; that of reference 28 _
for the free boundary layer between streams of differing wvelocities. -

If these values are taken to suggest the order of Reynolds number
where the stability of a profile with a flex is sensitive to the effects
of viscosity, some idea of flame-zone sizes can be estimated for the
range of velocltles encountered in Jet engines, that 1s, 50 to 500 feet
per second. For example, at 50 feet per second, the flame width where
viscous forces would be important would range from 1/3000 to 1/30 inch.
At 500 feet per second, the range is 1/30,000 to 1/300 inch. Most of the
flame zones of practical interest are much wider than these dimensions
and may be considered well within the range of Reynolds numbers where
disturbances are amplified and where viscosity effects are small. There~
fore, there is reason to expect the following inviscid stability analysis
to give meaningful information on the value of the wave numbers o vwhere
amplification can occur.

Lin (ref. 24) and Heisenberg (ref. 29) have criticized the use of
broken-line profiles because there is a separate solution for ¢ for
each corner of the profile. These objections might be met by the follow-
ing observations:

(1) The steady-state flow field solved by Scurlock possesses corners
(places where the velocity gradient jumps) and can be very closely approx-
imated by straight-line segments without introducing new corners into the
profile, The Jumps in velocity gradient that occur at the corners result
from the assumption that the flame front is of negligible thickness com-
pared to the width of the flame zone.
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(2) In the results that follow it is found that the flame zone 1s
unstable to disturbances having wavelengths 2.5 times the flame-zone
width and greater. Thus, any rounding of the corners over a distance
that is small compared to the flame-zone width should not affect the re-
sults; to the long wavelength disturbances _that are amplified, the cor-
ners will still appear sharp. ——

To examine by example the effeect of coruners in a velocity profile,
three profiles of & similar shape are shown in the following sketch.

Each of these profiles has been examined for instebility and s wavelength
for neutral stability has been computed. The scale of the gbscissa is
chosen so that the value of the neutral wavelength is the same for the
three profiles.

wy/hg -

The two broken-line profiles are from Rayleigh (ref. 17); the continuous
profile from Savic (ref 30). These solutions correspond to an anti-
symuetric disturbance. The flow in each case is inviscid.

A similar comparison can be made between the velocity profile

U=1+ sin Zgy ﬂ) treated briefly by Lin (ref. 24) and a correspond-

ing broken-line approximation. ILin's result ylelds agl = ang for the
sine profile. Eguation (37) in the following analysis was used to ob-
tain the dimensions of & profile having the same ag?. The following

two profiles are given for flow betweenlparallel walls, vt vanishing at
the walls.

[}
E NN
= )

- LLIB%
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Because the widths of the profiles composed of broken-line segments
are 50 nearly equal to those (having identical neutrsl wave numbers)
vhose velocity gradients are continuous, it 1s believed that the broken-
line profile as used here has not involved the introduction of extraneous
solutions. ’

Interpreting the Results of the Stebility Analysis

The stability snalysis gives an amplification rate ac; and a phase

velocity c¢p for disturbances as functions of the wave number o and
the fraction of duct occupied by flame h2/hl for any one station along
the axis of the duct. From this information a stebility msp is con-
structed. The stebility map consists of a plot of contours of constant
ac; on an ahp - hz/hl grid. This is a generalized map and contains
no assumption regarding the rate of change of flame width with distance.
Lines of constant frequency are shown on the stability map calculated
from the phase velocity c¢;. From the map and an assumption of the na-
ture of flame-spreading rates, the total amplification of a disturbance
of given frequency is calculated.

Some aspects of this information are reduced to measurable gquantities
that can subsequently be compared with experimental results. These quan-
tities include T

(1) Qualitative dependence of turbulent fleme-spreading rate on
disturbance frequency

(2) Relation between critical wave number and flame width

(3) Qualitative behavior of amplified disturbances as affected by
the steady-state condition (velocity, fuel-asir ratio)

The section Effect of Flameholder deals with the effect of a flame-
holder of finite size on the steady-state profile and, hence, on the
stability analysis.

STABTLITY ANALYSIS
Steady~-State Solution

It might be well first to tabulate the equations derived by Tsien

(ref. 22) relsting Up, U, U¥, 0,/Pgs hof/h, end fraction burned F.

These relations are based on the assumption that the velocity profile can
be approximsted by straight-line segments.
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For the lncompressible case:

Apex veloclty:

(1)

c:|c:
‘—l
+
I
N
I

Hot-gas velocity distribution:

ﬁ% '\/1+—[ ] 1+— —)-1]-%-% (2)

Flame width:

=

= = e ' (3)

Fraction burned:

Uy hp
F—l—U—O(l h—l-) (4)

The hot-gas distribution (eq. (2)) and the relation between hz/hl
and Uy/Uy (eq. (3)) are used in interpreting the results of the stebil-

ity analysis. In _the anslysis the hot-gas velocity distribution (eq.
(2)) is represented by

U =70 + (hg - y)B (y >0)
U =Ty + (hy + ¥y)B - (y<o0)
where
= (0¥ - U1)/n,

Nothing is said gbout the distribution of hz/hl with distance x.
This must come from further assumptions regarding flame slope, flame

LL8E,
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speed, or rate of change of ¥ with x. For the present it 1s suffi-
cient to say that the rate of change of hz/hl with x is small; that
is, :

d{hs/n h
Jga/_i)x«_z
X hy

where A 1is the wavelength of a disturbance of interest.

The stability of the profile assumed by Tsien, which closely approx-
imates that calculated by Scurlock, is treated as a parellel-flow
problenm. '

First-Order Disturbance Problem

Two excellent summary pspers are avallable on the stebility of
parallel flows, one by Lin (ref. 24) and one by Pillow (ref. 25). No
attempt to review the field is made herein. The method employed here
detes back to some of Rayleigh's early work (ref. 17) with very slight
modification. The development of the disturbance equation that follows
is from Goldstein (ref. 31).

The flow is assumed psrallel, inviscid, incompressible, plane, and
non-heat-conducting. Gravity is neglected. The equations of motion are

g—i—’:-p(ér:+u§u£+vg—;> (5)
o (2 ea e d) .

The fluid is assumed incompressible (but the density is allowed to vary
with y), so that

d
%%-+ u 5% + V’%% =0 (7)

and. the equation of continuity is

g% + g% =0 (8)
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Let
u = U(Y) + u'(x,y,t) h
v = vi(x,y,t) \ (©)
P =P+ p'(x,y,1t)
p =po(y) + o' (x,¥,%8)

where primed quantitles are of first order of smallness. Assume u!,

ela(x-ct)

vt, p'y and p!' to vary with x and t as where o is

real and ¢, in general, complex.

By substituting equation (9) in equétiahs (5) to (8) and retaining
terms of the first order, equations (5) to (8) become

) E.cz,(U - clut + %—:v'] = -iap! (10)
5 Lo - e)vi] =--g£—' (11)
ia(U - c)p! + vf%g =0 (12)

S5 F im! =0 (13)

Eliminating p!, p', and u' from equations (10) to (13) yields an equa-
tion for !

vt o, Q% 145 [ dv* DUt
(U-C)W"CLV) —V-gﬁ+a—3: (U‘C)E'&_‘—-Va?’: =0
(14)

It is apparent that, though equationg (7) end (12) are useful in
defining the type of incompressible flow fleld essumed, they are not re-
quired to obtain the disturbance equetion: (14) unless it becomes neces-
sery to specify pt.

Defining

vt = ~iag(y)ela(x-ct)

LL18E
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equation (14) becomes

3% u 1 da[ 3 . au
(U-c)(ayz-azfp)—¢dyz+3dy(U-c)s-y q>dy=o
(15)

In regions where p and dU/dy are constant, equation (15) reduces to

2
—2 9 - oPp =0 (16)
y
with the solution
¢ =8V 4 Ape™W (17)

The disturbaence velocities given by definition and equation (13)
are

ut = (Ajae™ - Azae—ay)eim(x-ct)

(18)

vt = -ia(Ae™ + Aze'ay)ei“(x'Ct)

where the real part is taken in the end.

Boundary Conditions

The geometry of the flow field is shown in figure 1. The quentity
B is given by B = (U¥ - ¥ )/hs.

Equation (16) and the solutions (egs. (18)) apply to each of the
regions 1 to 4 considered separately. The establishment of the boundary-
value problem consists in assigning suitaeble boundary conditions at the
walls and gt the boundaries of regions 1 to 4. These boundary conditions

are:

(1) vt vanishes at y =+ hy

(2) v* is comtinuous at interfaces

(3) p* 1is continuous at interfaces (or equivalently, the complete
equation (14) integrated across each interface is satisfied)
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Let the equation of the interface at _y = hy De
= hy + h(x,t) (19)

(In the following derivation the subscripts i1 and J represent condi-
tions evaluated in a region 1 or . ) Then, to the first order of
approximatlion, at the interface, o

'_gli Ugt-‘ (20)

where U is the mean velocity at the interface. In order for the pres-
sure to be continuous at the interface; 1t 1s necessary that

dP1 _dpy
T axy

where x7 is along the interface, or equivalently in the x,y-system

op; 9Pi3n OPy  OPj dn
= t% x-5% *3 ox (21)

where at the interface

From the equation of motion,

£- - a‘*ua—”g‘u')

) ) o)
Beo(FeaEory)

where
u=70U+nu'
v = vt
P =P +p
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By reteining terms of 0 and first-order approximatiouns,

dp _ op! _ du! du? ,dU
&-E-'P(W“’ X +"a'y')

op  op' ov? ov
W:g%:-p(g--l"[l&')

or Jp/ox and Bpéay are first-order terms. But, from equation (20},
it is clear that oJh/dx is of the first order so that the products
(op/dy) (dh/0x) are of the second order, and equation (21) becomes

(22)

x T (23)

or

au§'+U au:tL+v Uy = 3+U au‘!j+v' 33 (24)
PINSE TVidx "Y1y /TRt T Yisx T VI\SY,

at the lnterface between the regions i and J. Equation (24) results
from a necessary condition for the pressure to be continuous at surfaces
vhere P or dU/dy undergo jumps.

In order to show that this condition is equivalent to requiring
that the integrated equation (14) be satisfied at the interface, equa-
tion (14) is written

%{3 [(U - c) g;_: - v‘g—g} -p(U - e)alvt =0 (25)

Integrating across the interface, equation (25) becomes

SN A T T N R R k-

which, with the insertion of the continuity equation, becomes

du} oUy auj aUJ
D3 (Ui-c)a;-+v§_5§— = P; (Uj-c)ax +vjay (28)

But u' varies as ei“(x'Ct), so that equation (26) cen be recognized
as another way of writing eguation (24).
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The boundary conditions can be written

vi =0 &t y=h (27a)
vi=vy 8t ¥ =1 (27b)
oy dpy
S =53¢ &t Y=hy ~ (27¢)
vi=vi at y=0 (27d)
gzé = ;;é aﬁ ¥y=0 (27e)
vi=vl at y=-h, (27£)
Bpé api . _
S% = 5x &t v =-hg (27¢)
vi=0 at y=-h (27h)

where the subscripts 1 to 4 denote flow reglons.

Solution of the Boundsry Value Problem

The solutions of equation (16) for regions 1 to 4 (fig. 1) are
written as follows:

Region 1 @1 = A1e™ + Ape™W 7

Region 2 @y = Bje™ + Boe™

> (28)

Region 3 @z = C1e™ + Coe™

Region 4 @ = Dje™ + Dpe™@ )

Inserting equations (28) into equations (27) results in eight eq_.ua-;
tions in the eight unknowns Ap, Ap, . . . Dg. The requirement that

Ay, Agy, . . « Dy have nontrivial solu'l;iorrs’ is

I 1o
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l 1 rf_ o o o 0 o o _}
1 2 -1 12 0 o 0 0
% (U} - z—; (uy-e)rk -Eul-c) +§:| Eul-c)-ﬂrg 0 o 0 o
o o 1 1 -1 -1 -1 -1
=0
o o (u*-c) +§ - EU*-c) - -g:l —EU*—(:) --g] Igll*-c) +§:| 0 0
o 0 o 0 1% 1 -3 1
P p
0 0 0 o Eul-c) -Elri -EUl-c) +£] -p—: (Uy-c)vd p—i (0 -¢)
| o o 0 0 o o e 1

(29)

Where v, = "L ang Ty = e b2 By assigning U; =0 (this

merely alters the real part of c) and operating on rows 1, 2, 3, 6, 7,
and 8, equation (29) can be reduced to the determinant

|- -
p
e B, [aﬁc-(u.ﬁ.)]rz o o
a  m m p a/l’'2
2 2
1 1 -1 -1
=0
B B B B
th-c+a —(hzs—c-a> —(hzﬁ-c—&-) hZB'C"'E
8] P
n’l _Bl\2 nnP....B
0 0] (mpzcca)rz mpzcca
L -
(30)
where
2 2
n _T2*Y1
m
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On expanding end simplifying, equation (30) becomes

-1 2 2
Bfn P1 2fn A1 - n Pl n P ng= B4
R N R T R GRS -D I S X

where

_l+‘f§

p,_
l-rg

One root can be seen to be wholly real

-1
c=E.<EE_];+'u) (32)
T\ P

This can be identified as the root belonging to a symmetric disturbance
by essigning vl = v% =0 at y =0 in equstion (27). In this case

equation (30) reduces to

[ P1 n 01 )1
c-?ﬂ%gc ﬁagc-<°+g)7f§
=0 (33)

which yields as before S

| -l
_BfnfL !
C_-—(—E—Z-'l'!p-

The remaining two roots,

. . 2
hga+ 2 ;—';'(uahz-l‘):l: /\/ l}zzmﬁ %(mhz-l):l -4(1% % u+l) (ahpp-1)

o]

n "l .
2—-—_ j+
(mpzu' })

o
|
/|

(34)

LiLBE
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can similarly be identified as roots belonging to an antisymmetric dis-
turbance. One way of doing this is to set v! at y = h2 equal to

2
vi at y =-h, or (from eg. (28))

3 2

Using equation (35) in place of equations (27f), (27g), and (27h), the
determinantal equation becomes

1 ye 0 0 0 0
2
1 3 -1 -r§ 0 ©
1 Pl B)..2 B)..2
~ -c) oo erg ( -a->r2 e+ o} o}
2 2 =0
0 0 1 1 -1 -1
B B B B
0 0 -c + = c+ g c+ g -Cc +
o] o] 1 r% -ra -1
(36)

with roots of equation (34) for c¢ as before. That the root for the

-1
o]
symmetric disturbance ¢ = %(% Eé + %> is wholly real implies neutral
2
stebility. For the symmetric disturbance, then, the inviscid asnalysis
does not yield informetion on wave pumbers where aemplification occurs,
but merely suggests that the profile is relatively stable to symmetric
disturbances and neutrally steble in the limit of infinite Reynolds
number.

The roots corresponding to the antisymmetric disturbances (eq. (34))
are complex when

2
n 21 + 1) (ahop - 1) > ha+3p—l(pczh - 1) (37)
w b, 2H 2% ¥ u b, 2
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The complex root having the positive imsginaery part corresponds to
an amplified disturbance. The denominator of the right side of equation

p _
(34), 2 oL p + 1], when written in full,
u p, =

-2ah -2ah; - -2ah
246 lage
—2ahy

Pl e

pz e—Zahz _ e—Zahl 'l -e

+ 1

is positive for hy<h,, that 1s, for the flame zone contained within
the duct. Therefore, the asmplified root of equation (34) is

2
n pl n pl n pl
hch.-l-ﬁ- -p—z-(udhz—l) +/J[hzd, + a p—z'(udhz-l) -4 T p—z- ytl (C(hz].l-l)
pl ’

n B
2l =—pu+ 1l
mpZ; -

c=§-
[

(38)

Because this is an inviscid enalysis, the damped root of equation (34)
can have no meaning (ref. 24) and 1s subsequently ignored.

RESULTS

acst
The disturbance amplitude grows wlth time as e i

from equation (38) is S

» Where acy

2
p ' -
n 1 :
hzﬂ;-l-—;— ([J.(Ihz - l) ahp - 1
AU - o : 2
U,C1=E— - ———— (59)
2 n P1 n P1
- —pup+ 1 - —pn+ 1
m Py . m Py
Since . .
U¥ - U Af
P=—g "%

LL8S
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The quantity under the radical in equation (39) i1s independent of
v*-vu
local ——_E——£ values. This quantity is plotted in figure 2 as a func-
2

tion 2chy for the following conditions:

p h
p—l =1 lin £=0
2 hl-ru 1
h
PL_5,7 Z2._o0.25, 0.50, 0.75
P2 by

The first set of conditions corresponds to Reyleigh's solution for
the stability of an unconfined Jet. The latter set of conditions repre-
sents density ratlos that are expected in a flame in a duct for three
Tlame widths.

The velues of the paremeter acy(2hs/AU) in figure 2 go from O
at 2ahs; = 0 through a maximum, then to 0 again at a finite value of
2ah,. For a given value of 2h2/AU, this parameter behaves as the am-
plification rate acy.

It is clear from figure 2 thet, for constent density, the flow 1s
more unstable the smaller hp/hy becomes. For constant hz/hl, the

flow is more unstable the smaller pl/p2 becomes.

The influence of denslity ratio and wall proximity on the stebility
of the subject profile is in keeping with experimental observations of
another type of profile with a flex, namely, the wake of a cylindrical
rod. The stebilizing effect of density ratio is illustrated in refer-
ence 1, wherein it is noted that a flame anchored in the wake of the rod
inhibits vortex shedding. The stabillizing effect of wall proximity is
illustrated in reference 32 wherein it is noted that wall proximity in-
creases the minimum Reynolds number for the occurrence of shed vortices.

The stebilizing influence of the walle is further illustrated in
figure 5. Figures 3(a} and gb! show the values of 2ahy, for neutral

stebility and maximum instebility plotted against hz/hl- Fi e 3(c
shows the amplification paremeter acy(2hy/AU) for maximum emplification
rate plotted against hz/hl' Both the amplification rate and the range
of the parameter 2ah, diminish as the flame fills the duct.
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Construction of Stebility Mep .

In considering the effect of disturbance amplification in the flame _
zone, local-growth-rate contours as a function of wave number and fleme-
width ratilo hz/hl present nearly all the important information. Such

a plot is celled the stabllity map of a fleme in & duct. The map is con-
structed from the data of figures 2 and 3 and from the steady-state re-
lation of /UO end U,/U, as functions of hp/hy (egs. (1) and (3))

Uy (bp) y*(bp
in the following manner: Given: =—|z=—}, =—1|—]), and
Ug \b3/’ Up \h

2h h p .
ac4 Zﬁé (%ahz, Eﬁ) for a given E%. The quantity desired is

2h h _ _
acy L <?ahl, _2 . This quentity is obtained through sultable cross

U h
0 1
plots of figures 2 and 3 and equations (l) and (3) by setting
2ah; = Zcx.hzs(h-z-?hl)
il §
2hy 2hy U Yo

ey =—— = QC x 4:0 h
1 T 1%y, ha/my (40)

The resulting stability map is shown in figure 4. Contours of con-

2h

stent dimensionless smplification rates acy ﬁ"i are shown as functlons
0

of the dimensionless wave mumber 2oh; and dimensionless flame width

ho/hy for py/py =7 (fig. 4(a)) and p1/p; = 5 (fig. 4(b)). These con-

tours are in a region bounded by 2ah; ==, O; hZ/hl = 0; and the line

of - 2ahy for neutral stability, that is, the critlcal 2ab, a8 a func-

tion of hy/hy.

Phase Velocity

A disturbence that distorts the flow and therefore distorts the flame
front hes a wavelength X = 2w/a. Such s disturbance if introduced at
the flameholder travels along the flame front at the phase veloclity cp.

This can be seen from the variastion of:the disturbance withk x dlstance -
and time; that is, -

ot~ eim(x-ct) _ egcit eim(x-crt) -
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In order to follow the emplification rate of a given disturbance, it is
necessary to follow a disturbance of constant frequency.

The relation between frequency and wavelength is

Cr OCr
cy =~ Uy
The quantity —5——— <from equation (38) is given by
U*- Uy
o
ep - U]_ 1 hzd. + o E— (p.dhz - l) (4:2)
v - Up %2 n P '
2 (E —~u+ 1
P2
for
¢ Py
E:lzor.+——- (nohs - l)] - 4(%-p—p.+1)(a.h2u -1)<o0
2 -
and by

2
P P P
n "L n 1 n 1
Not+ = —=(pahs-1)+4 /| oo+ = —=(paho-1) | -4{2 = p+1)(chop-1
cp-Up 1 B m oy (M2 )\/[2 m oy 02 )] (m Pz " >( gh-1)

v*-u; bz P
P2
(43)
for
ha+£i(ah -1)-43‘:—l + 1 (chop - 1) 20
2 m o, s mpzu 2H 2

A plot of this quantity against ah, 1is given for pl/ po =171 at
bo/hy = 0.25, 0.50, and 0.75 in figure 5(a). Also shown in figure 5(a)
for comparison is (c, - Ul)/(U* - Uy) for py/pp =5, ha/hy = 0.25 and
pl/pz =1, hz/hl = 0.
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Wote that

From the steady-state solutions,

Coum (U -Ty) =0
ha/hy=0 S

Therefore, at the flameholder c, = Uy = Uyg. Then 1t 1s convenient to
relate the local wave number to the wave number at the flameholder by

U
o = ag -c—g- (44)

where ag 18 the wave number at the flameholder. It is related to the
frequency of the disturbance f and Uy by ag = fZﬂ/Ub. By means of

h
equations (42), (43), (44}, (1), and (3), values of a<%0, E%) were cal-

culated and they are shown in figure 4 as lines of constant frequency.

These lines engble one to follow the local amplification rate of a dis-
turbance of. glven fregquency from the flsmeholder to some station down-

stream and are so employed in a later section.

An additional calculstion for the phase velocity was made for later
comparison with experimental data. - In figure 5gb) is shown a plot of

c,/U; egainst hg/hy for py/pp =7 @End 2aph; = 8, 12, 16. These data

enable one to compare directly measured values of phase velocity with
those predicted from the stability analysis.

Disturbance Growth

Figure 6 presents a qualitative plcture of the nature of the dis-
turbances propageting at phase velocity.

The streamline distributions are glven for a neutral disturbance in
a reference plane moving at the phase. velocity c.; in this frame of ref-

erence, the streamlines are no longer a function of time. There is mo-
tion relative to the "cat!s eyes" of the disturbance centers. In the hot
flame core, the gas moves faster than c,.; in the colder ges outside the

flame, the gas moves more slowly than c4.

-

LIBS
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To picture what happens to an amplified disturbance, imegine the
y-amplitude of the wrinkles in figure 6 to be growing from right to left.
In addition the flame width is Increasing gradually; ¢ 1s also lncreas-
ing gradually, and, therefore, the x- and y-spacing of the "cat's eyes"
is increasing in the direction of flow until a neutral situstion is
reached.

At each x-station the disturbance has a local growth rate ac; that

acts over & short time At. Then (since x 1is related to time by
dx = cpdt) at any time t after the disturbance originated at the flame-

holder, the amplitude is
t
CLCid.'t
vt = v 0 (45)

where vé is the amplitude of the disturbance at the flameholder on the

centerline of the profile.2

Up to this point, the Independent variebles have been the dimension-
less wave number 2ah; and fleme width hz/hl' In order to evaluate

equation (45), it is necessary to use the relation

dax

E_E- = Cr (46)

and some assumption concerning the varigtion of hz/hl withk x. Two
simple assumptions are used that bracket the variation of hz/hl with

x found by experiment and facilitate the integration of equation (45).
These assumptions are (1) that the flame is linear:

— =K (47)

and (2) that the change in fraction burned with distance is linear:

L -k, (48)
a =
hy

2The linking of the parallel flow solutions by conserving v'! along
the centerline is the simplest but not necessarily the best of several
available choices.
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A gualitative comparison of the way these assumptions describe a flame

surface is given in the following sketch

Behavior of a
typical flame

o X/hl

Inserting equations (46) and (47) in equation (45) results in

ha/hy
l\jﬂ 2hy U, L B2 /%y
0

¥l Ub Cr EI

2
vt = vb e

(49)

The term in parentheses is called the gain g. It is independent of the

value of the propagation rate Xj.

A similar derivation can be made for the alternate form of heat

release, that is, for

which yilelds
: 1/K

[T Zhl Uo /%e

2z @i g o, OF

vt = V6 e VO 0 *r

where the term in parentheses g! 1s Independent of the value of

L1BE
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The velues of g &and g!' can be obtained by graphical Integration.
They give relative values of amplification of a disturbance of given
frequency when integrated along a constent-frequency line in figure 4.

In figure 7 are glven the results of such an integration carried
from hp/h; = 0 to hp/hy =1 for a range of 2agh; end for the follow-

ing conditions: In figure 7(a) for pyfp; =5, 7, & 1is given as a func-
tion of 2agh;. In figure 7(b) for p1/pg =7, 8 is given as a function
of 2agh;. It is epparent from figure 7 that, for the conditions examined,
there is a most-amplified frequency corresponding to a value of Z2aghy = 6.
Recall f = ZaohlUb/ZﬁZhl or the most-amplified frequency is spproxl-
maetely f = U0/2hl. This frequency does not depend upon a rate of flame

spreeding. It was obtained by assuming that a mode of flame spreading is
specified. Approximately the same freguency obtains for the two modes
of flame spreading specifiegd.

In figure 7(a) not only is the most-amplified frequency sat pl/pz =5
very near that for pl/p2 = 7, but the numerical values of the gains are

very nearly the same as well., This latter occurrence is due to two oppos-
ing influences: For & given u¥* - Ui, the profile having the lower value

of pl/p2 has a higher amplification rate, end a disturbance of glven

frequency is amplified over a wider range of hz/h1° On the other hand,
at any value of ho/hy, U¥ - U} is smaller for the smaller pj/pgp.
These opposing influences yield the results shown in figure 7§a).

The growth of the disturbances for fractional values of hz/hl (or

F) was calculated by teking the integral in equation {49) or (50) to
fractionsl values of hp/hy (or F). The results are shown in figures

8(a) and (b) respectively, in which the gains g eand g' are plotted
against hpo/hy or F for values of 2aghy from 2 to 18. I% can be

seen that, for some values of hz/hl < 5, there are frequencies higher
than those corresponding to 2agh; ~ 6 that locally exhibit a maximum
gain. The fact that for values of hz/hl < 0.5 there is & local ampli-

fication that depends on frequency is used later in comparing analysis
with experiment. It can be seen that as hz/hl decreases, the frequency

that is most amplified increases.

Disturbance Velocity Distribution in y-Pirection

The way the disturbance veloelty v' varies along the axis of the
duct is shown in Pfigure 8. In reducing the results of this analysis to
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measurgble quaentities, there is need for ia qualitative picture of the way
the disturbance velocity v' varies across the duct. Such a plcture can
most easlily be obtained by comnsldering a neutrally stable disturbance.

From equations (18) and (28),

B,
v B y .
2y _ L i 0S5y Shg (51)
A T Bl '
0 y —+1
Bz
where
V’é ¥y disturbance veloecity at y in region 2 . -
, .
v('} disturbance velocity at centerliné )
= -y
Ty e

In the region h2 Ly < hl’ vl y/ vz ,ho can be obtained from equations
(18), (27), and (28) in the form

7 (52)
Vi,by Y2+ rz Ty

The ratio Bj/B, can be cbtained from the equation represented by
the first row in the determinantal equation (30)

B . nP1 n P1 >
(c-a+ﬁ-5—2-cBl+ -c-g+‘ﬁgcr232=

or

(53)

o
‘__I
3]
N
=1 ¥
Pl
1
—
1
8= | 8l=

LL8S
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u*-1
'm%z- -C_—Ull-, which
for real values of c¢ is given in equations (42) and (43).

Recall that B/ac in equation (30) is the same as

A series of calculations was made to obtain the representative be-
hevior of vﬁ /vé across the duct, and the results are shown in figure
2 -

9 for pl/pz = 7. The critical hz/hl is taken as the value of hz/hl

where for a given frequency the imsginary part of c¢ hecomes 0. Figure
9(a) shows the value of v} /vé at the critical hz/hl plotted against
— 2

initial wave number Zaohl. It can be seen from this figure that for
2aghy > 8 (i.e., for (hz/hy)eritical < 0.46) the value of Vﬁz/vb = 0.2,
The ratio falls off as 2aghy < 8 (i.e., for (hp/hy)epitical > 0-46) as
the flame approaches the wall.

In figure 9(b) the value of the ratio vﬁz/vé is given for a fixed

frequency corresponding to Zaohl = 12 Tfollowing a disturbance along the
duct from the flameholder (hz/hl = 0) to the station where the flame
touches the well hz/hl- The dotted portion 1s 1nterpolated between

h,/h, =0 where "1'12 =vy end hy/h = (by/h)_ ., ., vhere the cal-

culation starts. Tt is obvious from this curve that, if one measures

vﬁ instead of vé, the apparent growth rate is not as rapid for

2
ho/hy < (hZ/hl)critical as for v§ simply because of the velocity dis-
tribution. Also, for hz/hl >'(h2/h1)critical there is an apparent

decay in vﬁz oving to this distribution, desplte the fact that the
value of v! 1is neutrally stable. This latter point is employed in com-

0
paring the analyticel with the experimental results.

The significance of figure 9 is summarized as follows:

(1) Although the inviscid treatment eliminates consideration of
damping, it is clear that, at the flame front, the veloclty smplitude
diminishes at hp/hy > (hp/hy)opisice1 Pecsuse of the velocity

distribution.

(2) In some instances, even though the flow 1is unsteble and the
disturbance velocity amplitude is increasing along the center of the
fleme, the disturbance velocity amplitude at the flame front msy not mnec-
essarily be increasing.
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(3) The disturbance that is most-émplified-at the center of the
profile (i.e., 2aphy = 6) is not necessarily the most-amplified at

the flame front, owing to the velocilty distribution; the frequency of the
latter is somewhei greater than the frequency of the former.

Relatlon of Theoretical Results to Measurable Quantities

In the experimental phase, current instrumentation techniques im-
pose limitations on what cen be messured. For example, the velocity vb

cannot be measured directly by hot-wire techniques because the flame tem-
perature 1s too high (=4000° R). The purpose of this section is to col-
lect certaln results of the foregolng analysis that lend themselves to
direct measurement.

Flame slope. - In eguations (49) ahd T%O) the grdwﬁh of a disturb-
ance v! vé is found to be proportional to a calculable guantity, galn,

h
raised to a power l/K. The quantity K 1is alternately K;j = = ©F
by
Ko = —E%%- depending on the mode of flaﬁe propegation assumed.
o 5 . ) -
hy -

For both modes, K 1s smaller the more gradual the rate of flame
spreading. To a first approximation, then, the amplification of a dis-
turbence 1lncreases as the ratio of propagation velocity to flow velocity
decreases. This trend cen be checked experimentally.

Phase veloclty. - One quantity that can be measured immediately is
the phese velocity c¢,.. A plot of cr/Ul for three frequencies is glven

in f£1i e 5(b Thus, for a given flow setting both the sbsolute magni-
tudes of cp Ul can be compared and the trend with frequency and with

hZ/hl variation can be examined.

Flame-front displacement. - The transverse velocity v' acting at
the flame surface ¥y = hy causes & wavy wrinkle to appear in the surface.

If a quantity h 1is defined as the distance from crest to valley of these
wrinkles, this quantity equals twlce the y amplitude of the streamlines
of the flow at the fleme front. If a neutral case 18 considered and the
distribution of 'v' in the flsme zone 1s approximated by

vto=vh o+ (v - vé)(} - %%)

L18S
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the equations of the streamlines are given by

L %1 - ecosaxxl/1-2¢+ 2K cos ax

Ye
where
Yo coordinate where U =
Vo =~ Ve
(U* - c)ccyc

v¥ dimensionless stream function, ———l—f Udy
(U = c)y'c

Ve

(U* - C)d:yc
\ré amplitude of disturbance velocity at centerline
V& amplitude of disturbance veloclty at Yy,

At ho S hz eritical’ 2¥* varies between 0.96 and 0.99.
can be taken srbitrarily smell, for 2K/(1 - 2¥%) <<1,

y K cos ax
—-— l-scoscnx:l:‘\/l—ZI 1l 4+ ———
Ye [ @ -2v9

i

or, for ¥y > ¥a»

l=l+4\/l- 2!‘*+(—-—K——- €\ cos ax
Ye AL - 2v*

Becsuse 2K

1 v&/Uo "o/ Up - ve/Ug
=1+ 0.2 + -3
a’yc u® - U U - Uo
——(o 2) —_—
Up

v/ U, v!
= 1.2 + 6{?0 € _1
U -c Vo
o ——

Ug
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But vi/vg 1s a wesk function of o« and “hp/h; and is approximately
0.2. -

Employing the identity toe

Ef -l Hf'_ EE 1 _.;;:EEL_

and a value of (c-Ul)/(U*-Ui) from figure 5({a}

3 * U
- (- pew
0 0 o Y0

where the quantity U*]Ub - U1/Uy 1s & function of py/pp, hp/h; only.
Without going into further detail, then, some predictlons can be made

from the theory that may be checked by expé&riment. First, h may be ex-
pected to behave qualitatively as shown in figure 10. .

The shepe of the curve in fi e 10 can be used to locate the ap-
proximate x position of (hZ/hlscritical';mThere is a point of inflec-

tion where v reaches & maximum and a knee as v} ceases
bz/h1 ' ha/h1

to grow. The knee position falls between the hz/hl for maximum ampli-
fication and (hp/hy)opitical- Thus, the data that can be sought are the
gbsolute values of hz/hl where the knee occurs for a given frequency,

end the relative positions of the knee for_ different frequencies.

Fleme propagation. - As stated in the INTRODUCTION, one of the rea-
sons for pursulng the stability analysis is to find a disturbance fre-
quency that permits the greetest increase 1ln flame spreading with the
smallest expenditure of energy. In .this parsgreph a model of flame pr'op-
agation is constructed that permits extrepoleting the behavior of vt
from the stablility analysis to a measurable behavior of flame propagetlon.

The flame front is assumed to be & zone in which the density goes
from Py to Py in a distance that is short compared to the dlsturbance

wavelength., This front is propagating into the gas 6f density P at a
rate ST,U’ that 1s, the undisturbed turbulent fleme speed. Owing to the

normel propagation of the front, an initie=lly wavy surface becomes a
cusped surface. Assuming such a surfacé composed of cylindrical arcs
(following sketch) P

1.18¢
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Unburned v?
/"——"\v"’_‘\\v/’—T“\i/"——‘ﬁjfi:—‘z;;:%::
Burned V' A —s

permits a calculation of the flame-front stretching due to a displace-
ment h. If the undisturbed area Ay = A and the disturbed area

Ap are spproximately equal to erc length,

2D . oaf1 s (-2{1)2 (54)

An equilibrium h is reached when

(55)

Then Ap/Ay behaves roughly as (l + 5 ST ) for small amplitude. One
U

sees that equation (54) contains a nonlinear term 4h2/12 The develop-
ment so far has been & linear one. The linear development would be ex-
pected to furnish only a first approximation for amplitudes large enough

so that 4hZ/AZ is no longer negligible compared to unity.

The sequence of events that leads to a prediction of AD/AU is:

(1) The flame is initially wrinkled by the velocity v' acting st
the flame surface.

(2) As the wrinkles grow, the flame shape shifts from a sine wave to
a cusped surface, owing to normal propagation.

(3) After a certain time an equilibrium is reached between the dis-
turbance velocity v! and the undisturbed propagation velocity ST,U'

The ratio of the disturbed surface to the undisturbed surface when
equilibrium is reached 1s, for small disturbances,

A t S
KQ 1+ % Sv = ST’D (56)
U w,u/ Sp,u
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Before this equilibrium value of AD/AU is reached, the flame surface
is given by (again for the neutral case)

(a4

0.2 vb
*],2 + == COB QX
AU:ayc

But 2h/A of equation (54) is given by :

an, (b, ) TP
A Yo * %

= 29-942-003 ax
AU . .

LIgE .

Thus, in the transient case as in the equilibrium case (eq. (55)) Ap/Ay
behaves as v'. The quantity AD/AU when messured locally should behave

like g in fi e 8, 1f the effect of distribution is neglected. When
the latter effect is taken into account, v' for fixed 2agh; measured

at hy, achleves a meximum value somewhere between ho/hy for maximum
emplification and neutral stebility. P | «

Thus, at eny statlion, hz/hl: there should be a frequency of disturb-

ance that would cause the grestest increase In flame speed end, at this
station, the increase in flame speed should be greater for grester values

of v'/8p y.

Figure 11 gives a plot of Z2aghy against hz/hl for maximum ampli-
fication and for neutral stability. For any value of hz/hl, the fre-
quency glving the grestest V'/ST,U (at ﬁhe flame surface) has a value
of 2a0h1 thet falls between these curves. The lag in time required ;ar

the fleme to become wrinkled initislly will move the curve for maximum
AD/AU to slightly higher 2a0h1 values. The curves glven should be

considered the lower limits of Zaghy for maximim AD/AU, and they sefve
as s basis for comparison with the experimental dasta.

Effect of Flameholder

When a flame 1s anchored iIn a duct, some form of flameholder must be
used. The most common form of flameholder studied in recent years is the
cylinder with axis normal to the stream. The cross section of the cylinder -

AT
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has assumed many different shapes. There are properties of the flow in
the wake common 1o a8ll the shapes studied. In this section some of these
properties are used to deduce the effect of a flameholder on the flow
field fer from the flameholder and, hence, on the stability of the flow
field far from the flameholder.

Steady-state velocity distribution. - The properties of the flow
field in the immediste wake of the flameholder as described in references
1 and 33 are shown in figure 12. There is an attached eddy peir in the
wake of the flameholder. The gas in this zone 1s hot, acquires energy
from the downstream hoi -.c, and delivers energy to the outside cold gas
by diffusion.

At some position on the surface of the recirculation zone, suffi-
cient energy is acquired by the cold gas for ignition to occur and a
flame to propagete into the cold-gas stream as shown in figure 12. The
pressure measured at the walls has an axial distribution shown qualita-
tively in figure 12 (refs. 1 and 33).

If the static pressure is assumed constant ecross the duct at any
axial station, the effect of the first positive, then vanishing, then
negetive pressure gradient upon gases of unlike densitles permits an
estimation of the velocity profile downstream of the flameholder.

In figure 13 are sketched the velocity profiles at statlons a, D,
and ¢ of figure 12. At station a the pressure gradient in the axisasl
direction has been positive for a small distance and is still positive
at a. This fixes the sense of the velocity difference between cold and
hot gases on elther side of the flame and the sense of the velocity
gradient of the hot gas at the flame front. At station b the gas has
had a positive pressure gradient history, again fixing the sense of the
velocity difference, end at b the pressure gradient vanishes, causing
the velocity gradient at the flame front to vanish. At station c the
gas has s negative pressure gradient history from b sufficlent to cause
the sense of velocity difference and gradlent at the flame front as shown
in figure 13(c). The gas particle at the position of the velocity maxi-
mum passed through the flame gt station b. If the profile ls approxi-
mated by straight-line segments with a corner at this veloclty maximum
as shown in figure 14, some quantitative relation based on the continuilty
equation and experimental observations can be obtalned.

From continuity,

3 d'U =Sw7'w§ (57)
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b ———= = Splp —= (58)

density ratlo of cold to hot gas

¢old-gas velocity

defined by fig. 14

axial length of weke to station b (fig. 12)

axlal length from stetion b to statlon of interest downstream _
of b PooE

mean flame speed over I L

mean flame speed over 1p

Combining equations (47) =nd (58) gives ,

In order to obtaln an order of magnitude of

(59)

t
%T of interest in the

-

stability anelysis, the terms on the right side of equation (59) are

given the following values: (U*i-Ul)/U*'= 1.5 (from ref. 1 for F = 0.25,

1l

Sy 1
pl/p2 = 6), where F 1is fraction burned? §; = 5z SI‘==§:33 where ST/SL

is ratio. of turbulent to laminer flame speed; 1, = 4D (from ref. 1),
where D is flameholder width. Defining 1 as Ly + lps




38717

CY-6

NACA TN 3830

equation (59) becomes

bt _ 1.2
T T3
z-4

L
2

At a station 1/D = 8, from equation (60),

= 0.6

vl
c1§

Farther downstream, at 1/D = 24 for example,

bt
5 = 0.06

noj -

The foregoing stability analysis 1s for & profile in which b?

From this section it can be seen thet, near the flameholder

0.

41

(60)

= 8), the hot-gas velocity distribution differs in shape from the

(1/D
N_ profile examined neglecting the flameholder,

percent of the flame~zone width has & flat distribution.
the flameholder (1/D = 24), 6 percent of the hot-gas width has a flat

velocity distribution.

At this station 60
Remote from

In the next section the magnitude and direction of the error in-

curred in neglecting this flattening is estimsted.

Comparison of the stability of a —/\_ profile and a ./ \_ profile.

In figure 2 a comparison is made of amplification rates as a functlon of

2cxh2 for several values of pl/pz and hz/hl'

It can be seen that the

effect of increasing pl/p2 and hz/hl is stebilizing; that is, the
nagnlitude of the amplification rastes and the range of Z2ah, over which

positive values exist are reduced. The plots of amplification rate

against 2ah, are affine. It appears reasonable that, in exemining the

effect of truncating the profile, an examination gt a single value of
pl/p2 and hz/hl would yield representative results.

The conditions considered here are the ones formulated by Rayleigh
in equations {24) and (25) (p. 387, ref. 17) and correspond to the case

where pl/p2 =1 and hz/hl =0 (or hy =

in which

=
d|‘2‘,

Celculations were made

was taken as a parameter in such a way that the results
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yield velues of .acy g% and 2ab at ﬁaximum instability and a critical

value of 2ab where ac; vanishes. The results of these calculations
are shown in figure 15. S .

When b' = 0, the results correspond to those of figure 2; the flow
is unstable to antisymmetric disturbances, neutrslly steble to symmetric
disturbances. o

1

As %-%; increases, the amplificgtion rate and the critical values

of 2db decrease for the antisymmetric dlsturbances. The flow gradually
t

becomes unstable to symmetric disturbarices as %-%; increeses. At

1 '
% %T > 2.0, the flow is as unsteble to .symfietric as to antisymmetric dis-
turbances and possesses the same critical velues of 2ab. The values of

t i .
% %T of interest here are of the order 0.6 to 0.06. The flame half

width hs, 1is %'b' + b. In the folloﬁing tgble the values of the im-

2h -
portant perameters ocy Zﬁa’ (Zahz)maxlci{_and (2ahs) oritical ‘are com-

t
pared for %-%; = 0, 0.08, 0.6 for antisymmetric disturbances:’
1l Db! '
C Q 0.08} 0.6
Zhso .
achEr-max 0.592 0.508]0.688
(20h2)mex oy 2.44 | 2.49 |3.28
(2aho) apitical | 3-69 | 3.7L | 4.57

For a given ZhZ[AU, the amplification rate is increased as the hot-gas
veloclty 1s progressively truncated.

The wave-number range over whilch the flow is unsteble 1s wldened.
Both of these effects bespeak a greater Instebility of flow. On the
other hand it can be easily demonstrated that, for a given AU, hz/hl is

greater when the profile is truncated so that the destabilizing effect
of the flameholder 1s partially but not completely attenuated.

R

LLBS.

ila
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L 4
%:%; =0 and
0.6 shows that near the flameholder the emplification rates may be of the
order of 20 percent higher for some wave numbers than were those previ-
ously found. Because the flame zone must start with a finlte width de-
pendent upon the flameholder width (say, D), those frequencies having
such wave mumbers that 20DK exceeds 20DK.,.jtijcg] &re suppressed.

The difference between the parameters calculated at

Here, K 1is some proportionality factor less than unity.

Certainly, neglect of the effect of a finite-size flameholder facil-
itates generalizing the results of the stegbllity analysis. The investi-
gatlons of this section indicate that for flameholders small as compared
to duct width, there is a large part of the flame zone in which such
neglect zppears warranted.

SUMMARY OF THEORETICAL RESULTS

1. The flow field of a fleme in & duct 1s unsteble to antisymmetric
disturbances having wavelengths of the order of 2.5 times the local flame
width and greater. As hz/hl approaches unity, this critical wavelength
gpproaches 0.

2. The amplification rate depends directly upon the magnitude of the
velocity difference (apex velocity minus cold-gas velocity) and inversely
upon the flame width. For fixed values of these quantities, the maximum
amplification rate decreases with increasing values of pl/p2 and hz/hl’

going to zero for hp/h; = 1.

3. When the history of a disturbance 1s followed through the course
of an entire flame, it is found that a wave number for maximum disturb-
ance growth obtains. This maximum growth is for such a wave number at
the flameholder that 2aghy = 6 which corresponds to a frequency

f = Ub/Zhl' The actusl growth is substantially independent of density
ratio. This is due to two compensating factors:

(a) The amplification rate is lower for a higher density and given
velocity difference.

(b) The velocity difference is greater for a higher denslty ratio.

4, The disturbances achileve their terminal amplification at a value
of hz/hl roughly inversely proportional to the frequency of the dis-

turbance. Thus, higher frequencies achleve their amplification near the
flameholder; the lower frequencles, remote from the flameholder.



44 NACA TR 3830

5. The magnitude of the terminal pm {lification depends upon the in-
verse of flame &lope or roughly (ST/UC) The amplification that can

be achieved for the meximum of Zaohl 6, is about 1. l ST. For ex-
emple, for Bq/Uy = 1/20, amplification 1s 8-fold. For Sq/Uqg = 1/100,
emplification is 14,00Q-fold. -

6. The disturbance propagates with a_phase velocity up to 60 percent
greater than the cocld-gas velocity.

7. The flaméholder serves to inhibit the growth of antisymmetric
disturbences having higher frequencles but permite symmetric disturbances
to be smplified near the flameholder. At 8 diameters downstream of the
flameholder, the stabllity pilcture is substantially that obtained by
neglecting the flameholder.

EXPERIMENTAL EXAMINATTON OF DISTUREANCE GROWTH IN A V-FLAME

INTRODUCTION

The experimental research investigated the effect of imposing con-
trolled disturbances on g V-fleme anchored in a duct for two reasons:

(1) To galn quantitative information-on the mechenism of the bresk-
down of the flame-generated shear region that would explain the
occurrence of flame-amplified turbulence

(2) To find a type of excitation ﬁhat promotes flame propagation
without ceusing shell failure as does conmbustor resonance

The method of excitatlion consistsiiti exciting a column of gas in
the flameholder support tube. This method offers a control on the am-
plitude when excitation is sccomplished with a speaker, but could be ac-
complished by means of an edge tone excited by the flowing stresm for
application in en engine. Only the spesker excitation is used here. The
sound issues from a port at the flameholdé# and disturbs the flame at the
flameholder. The two types of ports used operated as follows:

(1) Sound-issued from a port just upstream of one flameholder edge,
causing the flucdtuating flow about theuflameholder to be quasi-

antisymmetric. : - -

(2) Sound issued from the center of the flameholder, causing the
fluctuating flow at the flameholder to be gymmetric.

The principal disadventage in this form of excitation is that, for
some frequencies, modes of burner cavity resonance are excited. An ob-
Jective in the experimental work, therefore, is to determine whether ean

4)8¢
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observed fleme front distortion asccompenying an imposed disturbance is
due to flame-~-zone instability or to some form of duct resonance.

No effort was made to determine effects of fuel-sir ratio or fuel-
type variation. The primery varisble investlgated was the frequency of
excltation and its effect on the flames studied. The only attempts st
correleting the results are the comparison with the results of the pre-
ceding stability analysis. :

The chief frustration encountered is the impossibllity of obtaining
a laminar V-flame at velocities where values of ST/UO are sufficlently

low for the preceding theory to be valid. The reason for this difficulty
is the instability of the boundary layer, which separates from the flame-
holder and undergoes transition to turbulent motion quite close to the

roint of separation. All the results are obtained with the flow already
somewhat turbulent. :

The primary tool in measuring flame speeds is the photomultiplier
probe, first applied in a rigorous way to the study of turbulent flame
speeds by Clark and Bittker (ref. 34). An independent confirmation of
the method is obtained by coiiparing combustion efficiency measured by
the photomultiplier probe and by momentum pressure drop.

APPARATUS
Burner Test Section

A photograph of the burner (fig. 16) shows the important components.
Alr =nd propane were filtered, meiered, and mixed before entering the
two-stage calming section. In this section the mixture passed through
six banks of 200-mesh screen and then through a 3/8-inch-radius nozzle
plate into the 1/2- by 2-inch (or alternately 1- by 2-in.) rectangular
glass~-walled test section (fig. 17). The top and bottom walls of this
test section were 1/2- by 1/2-inch (alternately 1/2- by l-in.) brass
stock., The side walls were 1/4-inch Vycor pletes, resting on brackets
and held asgainst the l/2-inch top end bottom pieces by clamps.

The exhaust system consisted of a 6-inch-diasmeter pipe connected to
a hood and a blower to force the gases outside. A 4- to B6-inch specing
was maintained between the test section and the exhaust duct, and between
the exhaust duct and the hood; no indication of resonance due to the ex-~
hauster was encountered.

The flameholder consisted of & flat hollow paddle terminated on one
end by a 60° gutter and on the other end by & 3/8-inch tube leading to a
piston-type loud spesker. The three flameholders used in this program
are shown in flgure 18. The flameholders used to supply the disturbances
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were resonators that had resonant frequencies every 190 to 200 cycles
when coupled to the speaker. The flameholders ranged from 36 to 38
inches in length. The flameholder designed to produce antisymmetric
disturbances sllowed the sound to issue from a slot Just upstream of one
edge of the Flameholder. The one designed to give symmetric dlsturbances
allowed the sound to issue from the center.

The flameholders pictured were approximately 0.25 to 0.30 inch thick.
In one test a 0.50-inch gutter was tacked onto the 0.306-inch antisymmet-

ric flameholder to exsmine the effect of flameholder size.

In no case was the distribution of . v' downstream of the flame-
holder messured. It is not known how much the experimental distribution
differs from the measured theoretical distribution. The essential fea-
tures in both experimental and theoretical disturbances are that anti-
symmetric disturbances cause the flow to flap back and forth at the
centerline of the duct, while symmetric dlsturbances cause 1t to dilate
ghout the centerline.

Auxiliary Equipment
Sound producing system. - The speaker was supplied a sinusoidal

signal from a signal generstor through g power amplifier. The spesker
and flameholder could be positioned as desired.

Flow metering. - Air and propane were metered through rotameters.

Hot-wire equipment. - An NACA constant-temperature, frequency-
compenseted, hot-wire anemometer was used (ref. 35). Spectra and u'
were measured at various locations in the duct. Measurements of u!
were made primsrily with a vacuum-tube voltmeter. Two spot checks were
made against a root-mean-square computer, and the correction factor was
found to be approximately unlty. Spectra were measured with a wave

analyzer.

Pressure measurements. - Velocity surveys were made with a 0.018-
inch hypodermic tubing, and alternately a 0.030-inch stainless tubing,
for impact tubes. Measurements were read on a water mlcromanometer.
Velocity measurements were made at the plane of exhaust with room pres-
sure as statie. :

Photomultiplier probe. - The photomultiplier tube was Installed in
a probe as shown in figure 19. Light repched the photomultiplier tube
after passing through two vertical slots, which were 1/4- and 1/16 inch
wide and 2 feet spart, and through filters if desired. Photomultipliers
were supplied by a ripple-free regulated_d-g_gource.' ' T t

Voltmeters with. a-c and d-c current were used where indicated.
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Shadowgraph system. - The optical arrangement used in taking shadow-~
graph pictures is shown in figure 20. The light source could be used
continuously or as a 4-microsecond flash. The camera was focused 1.5
feet in front of the test section. The shutter and flash were manually
synchronized.

Stroboscope. - A stroboscope consisting of a slotted gluminum disk
and a synchronous motor was used to view the disturbed flame in the pre-
liminsry phases of the investigation. The stroboscope can be seen in the
lower left corner of figure 16.

Properties of System

Veloclty profiles upstream of flameholder. - Figure 21 gives the
velocity profiles measured 3 and 12 Inches from the nozzle; in each case
the flameholder is positioned so that the measurement is taken upstream
of the gutter. Measurements were also taken at the plane of the nozzle,
and no variation grester than 1/2 foot per second from 55 feet per second
was found. These measurements ere for a nominal flow setting of 50 feet
per second.

Flame photographs were taken and flame-speed megsurements were made
at nominal velocities of 50 and 100 feet per second in 1/2- and l-inch-
wide test sections; the profiles of figure 21 therefore represent the
highest percentage boundary layer of those encountered.

Velocity profile in wake, no fleme. - Figure 22 gives the velocity
profiles in the wake of & 0.306-inch-wide, 60° gutter at a nominal ve-
locity of 46 feet per second. This set of profiles shows a comparison
of the spreading of & weke with and without an antisymmetric disturbance
at 200 cycles per second. The only amplitude measurement available for
this disturbance is & root-mesn-square u' of 5 feet per second, meas-
ured 1/8 inch sbove the 1lip of the flameholder.

The effect of other frequencies on wake spreading was examined by
placing total-pressure tubes 3 inches downstream of the flameholder at
the center of the wake and varying the frequencies. The results are in-
terpreted in the following manner: Read the velocity while disturbances
are being introduced. Find the distance from the wake at which this ve-
locity is atteined without the sound (say x). An index of the lengths
required to accomplish equel degrees of mixing without and with the dis-
turbance is then the ratio x/3. A plot of this ratio against fregquency
is given in figure 23.

Because the apparent diffusion rate decreased at frequencles greater
than 1000 cycles per second, it was thought this might imply a decrease
in form drag for frequencles greater than 1000 cycles per second. Static



48 _ . NACA TN 3830

measurements were made at the base of the gutter. No change in base
pressure was observed far the higher freguency disturbances. Those lower
frequencies which increassed mixing also flecreased base pressure, that 1s,
increased form drag. This prohahly meang that the velocity is increased
in the wake for frequencles less than 1000 cycles per second. There seems
little hope, however, of reducing flamehplder drag by imposing high-
frequency disturbances of this kind.

Turbulence intensity and spectra. -: The furbulence component u'
in the direction of flow was measured with 0.0002- by 0,08-inch tungsten
wires, using the NACA counstant-temperature anemometer smplifier. The
wire weas oriented parallel to the flameholder lips. No flame was present
for these measurements. The results are! présented in the following teble:

Nominal |Distance | Distance from |Vertical|Turbulence |Scale of
velocity, |from top wall, distance|component, |turbu~-
U,'ft/sec nozzle ¥, in. from ut, ft/sec lence,
lip, btetion, Ly, in.
X, in. i In,
50 0 1/2 | Measured 1/4 0.306
100 0 1/2 ¢ from 1/4 .420
centerline
50 6 1/8) 1/4 1.38 0.2
50 6 1/8 | Measured |. 1/8 1.68
50 6 1/4 | from o 1/4 .818 .15
50 6 1/4 pfleme- - 1/8 .978
50 6 1/2 holder 1/4 1.02L .15
50 . 6 1ip - 1/4 3.35 .17
100 6 1/3) 1/4 2.44

The spectra meaesured at several stations were compared with spectra
found representative for isotropic turbulence (refs. 35 and 36). A typ-
ical plot is shown in figure 24. The scale Lx ils estimated as the one

whose spectrum most nearly corresponds tO the measured spectrum (refs.__
35 and 36). This scaled where determined is given in the preceding
table. - —

The spparent transition from laminar to turbulent flow in the bound-
ary layer on the flameholder surface occurred 1f the flameholder was
about 1 inch or more from the test-section nozzle; the disturbance veloc-
ity in the boundary was roughly that in the nozzle itself, With the

3This is the scale that would be uséd for calculating a turbulent
burning velocity from existing theory (ref. 8). Herein, it 1s of interest
because of the scale of disturbance the flame amplifies; L, ~ 1.
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flameholder within 1 inch of the nozzle, eddies were found to shed at
420 cycles per second when no flsme was present.’ With the flameholder
at 1 inch or more from the nozzle, transition occurred upstream of the
flameholder 1ip and no clearly defined eddy-shedding frequency was found
in the wake.

With a flame anchored on the flameholder, no eddy shedding was ob-
gserved without externsl excitastion. The flame appeared turbulent for
both flameholder positions greater or less than 1 inch from nozzle. It
appears, therefore, that the trensition to turbulence in the separated
boundary affects the turbulent flame sppearsnce in gbout the same manner
as transition in the attached boundary layer does. The lean blowout
fuel-air ratio was adversely affected when the transition was moved from
the attached to the free boundary layer.

In an effort to obtain a laminsr flame zone, some explorstory work
was done to move the transition point farther downstream of the point of
separstion from the flemeholder. Small unheated cylindrical rods (as in
ref. 3) placed sbout 1 inch from the nozzle entrance were used as flame-
holders. It was possible to move the tramnsition point about 1 inch down-
stream of the flameholder (at 50 ft/sec). Lean blowout, however, was
moved to a fuel-air ratio rich enough to cause excessive heating in the
glass walls, which impaired the use of the shadowgreph system. In the
transient period immedistely after ignition while the walls were still
cool, it was possible to observe a clear picture of the flame. In order
to study the flame at length, this course was sbandoned, and it was
decided to accept the turbulent transition at or upstream of the 1ip of
the flameholder.

Calibration of Disturbance Amplitude Agalnst Speaker Input

Owing to the interaction between the standing wave tube supplying
the sound to the flameholder and the standing waves in the test section,
it was necessary to calibrgte the sound input with the flameholder at
the position and velocity to be used in the burning tests. TFor most runs
the flameholder was placed midwaey between acoustically open ends in the
test section in order to suppress veloclty disturbances at the flame-
holder due to 8ll even modes of vibration of the test section.

The inputs were set in the following manner: The flemeholder posi-
tion and flow velocity to be used in a Burning run were set. The hot
wlre was placed 1/8 inch gbove the flameholder 1ip, 1/8 inch upstream of
flameholder 1ip so as to be centered over the port from which the sound
issued. Resonant frequencies were excited in the flameholder support
tube. The input to the speaker required to give the desired u! at the
wire was recorded for each frequency. The wire was removed, fuel intro-
duced and ignited, and the burning run was made. The distribution of
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vt resulting from this sort of excitation was not explored. The change
in the nature of interaction between test sections snd the standing wave
tube with and without combustion was not explored but was presumed to be
small, since only about 30 percent of the combustible mixture was burned
in the test section. : :

Sq/8;, Determined by Photomultiplier Probe

The author (ref. 37) and Keskan (ref. 38) have used photomultiplier
tubes to sense translent area changes in a laminar flame distorted by
sound. Clark and Bittker (ref. 33) used photomultiplier tubes to study
bunsen flames that were slternately laminar and turbulent by comparing
the average intensity of light emitted from the fleme. They found that
turbulent and laminar flames having identiceal mixture ratios and feed
rates produced identical quantities of light. Therefore, it appears
that, if used with caution, the photomultiplier ftube can become an
average-heat-release~rate meter. f )

In the following discussion, the lbcal heat release rate is charac-
terized by the ratio of turbulent to laminar fleme speed ST/SL. This

ratio ST/SL is defined as the heat released per unit time divided by

the heat that e palr of laminar flames 8lined with the axis of the duct
would release per unit length per unit time. The relation is illustrated
by considering the way the quantities are measured.
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In the test section shown in the preceding sketch, fleme fronts are
anchored on the top and bottom of the flameholder and appear to span
from wall to wall. The photomiltiplier scans a narrow region of the test
section. The voltages read from the photomultiplier tube output are re-
corded at the ssme fuel-air ratio for a turbulent flame and again for a
laminar flame. The fleme-front half angle is measured in each case and
each voltage multiplied by the cosine of the half angle. The ratio of
the resulting product for the turbulent flame to that for the laminar
flame is defined as ST/SL. In the region of interest the cosine of the

half angle was approximstely 1 for the turbulent flames so that, in ef-
fect, the unit length of the flame fronts becomes the unit length of the
combustor. :

In obtaining the laminar flame, the same fuel and air rotameter
settings were used as for the turbulent flame but a large fraction of the
mixture was bled off upstream of the flameholder. Three banks of 200-
mesh screen were installed just upstream of the flameholder and the re-
sulting flame appeared laminar. Near the flameholder the flame did not
span from wall to wall, so that the voltage recorded for this region was
guite low. PFar downstream from the flameholder the flame front became
twisted so that it represented a flame depth greater than the wall-to-
wall depth. In between these two regions was & region in which the flame
appeared to touch the walls and have negligible twist. The voltage re-
corded by the photomultiplier probe as it scenned this region was nearly
constant. The extreme voltages recorded in this region envelop a band
within which the true voltage corresponding to a pair of laminar flames
was thought to lie. -

In order to pinpoint an exact value for the laminar voltage as well
as to check the method (the zone of uncertainty is quite small), an asux-
iliery determination of ST/SL was made. Readings were made of

photomultiplier-probe voltages at seven equally spaced stations along the
combustor from flameholder to exhaust nozzle, and an average voltage was
calculated. Simultaneously, measurements of the momentum pressure drop
across the flame zone were made. With the help of Scurlock!s results
(ref. 1), the fraction of combustible burned F was determined from the
measured momentum pressure drop. Then, from

Length x 2 x Sp x depth
F = =39, < depth  helgnt

(where the length, depth, and height are the dimensions of the combustor)
an average Sq Was calculated. TUsing this S, the measured aversge

voltage, and the value for laminer flame speed S; teken from Dugger
(ref. 39), voltage corresponding to a laminar flame was obtained from
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where Vi and Vg are the photomultiplier voltages for laminar and

turbulent flames. This voltage lies wlthin the zone of uncertainty found
by direct viewing of the laminsr flame. These results are reported more
fully in the section Examination of the: Method.

It is obvious that clting Clark and Bittker (ref. 34) does not imply
thaet any photomultiplier calibration was obteined from their work. Ref-
erence 34 established that (for a given combustor at a glven composition
and flow rate) a photomultiplier voltege 1s proportional to the heat re-
leased within sight of the photomultiplier tube and is independent of
the exlstence or lack of turbulence. The agreement of the two methods
for determining ST/SL seems to justify this use of the photomultlplier
probe. '

It was hoped initially to follow the amplitude of s flame wrinkle
by measuring the a-c component of the photomultiplier signel. The rea-
soning was that the flame would be wrinkled sufflciently for its local
instantaneous slope to serve as a detectible index of flame-wrinkle am-
plitude.” This slope, of course, would show up as an increased voltage
at the photomultiplier because the length of the flame cutting across
the field of view would be incresased.

The data taken showed an amplitude moFe dependent on the distance
from the duct exhsust than on the distance from the flameholder. It was
discovered .that the sound waves introduced as the source of excitation
at the flameholder reflected from the exhsust of the cowbustor. The a-c
component read by the probe, therefore, -was largely influenced by the
time-varying displacement of locsl fleme zones due to plane waves of
sound. Figure 25 showe a comparison of: the filtered a-c signal for two
frequencies as & function of distance from the flameholder. One set 1s
obtained from the photomultiplier probe with burning, the other set from
a hot-wire anemometer without burning. = -

The use of the photomultiplier probe was restricted to surveying
for the effect of disturbances on local: ST/SL values on a time-average

basis only.

RESULTS

The analytical part of this paper Buggests certain behavior that can
be examined experimentally. Accordingly, tests are included that furnish
the necessary dats for = comparison wilth the results of the analysis. One
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of the primary varisbles studied is the effect of the frequency of ex-
citation on disturbance growth. The frequency range of interest happened
to include some of the resonant frequencles of the combustor gas volume
as well as the spontaneous eddy-shedding frequency of the flameholder in
cold flow. Part of the tests studied the effect of combustor resonance
or spontaneous eddy shedding on the results.

Certain precautionary measures were taken in choosing geometry and
operating conditions. To guard against burner resonance, the combustor
was kept short so that only about 30 percent of the combustible was con-
sumed. It was found that, when this value was exceeded, spontaneous
burner resonance scometimes occurred. To guard against spontaneous eddy
shedding, the conditions were kept within the Reynolds number reported
in reference 1 to be free of spontaneous eddy shedding when a flame is
anchored on the flameholder. Although these measures guarded against
the occurrence of spontanecus oscillations due to the above two causes,
they could not prevent the system from favoring certain frequencies with-
in the range of interest. These influences, then, received special
attention.

Markstein has. shown (ref. 14) that instebilities of a laminar flame
front cause the front to assume a cellular structure under certain con-
ditions. The occurrence of such cells clearly could confuse an inter~
pretation of the results. Consequently, the data were taken solely at
conditions where the cells do not spontaneously arise.

BExamination of the Method

Runs were made at three fuel-air ratios at 50 feet per second and _
a range of disturbance frequencies. The flemeholder position was 6 inches
from the open end of the duct and 6 inches from the tunnel entrance. The
0.306-inch-wide gutter with antisymmetric disturbaences was used. The
change in impact pressure with and without combustion was measured by &
single impact tube upstream of the flameholder. Since the difference is
of the order of inches of water end the rate of mass flow is constant, it
is assumed that the difference is entirely due to a change in static pres-
sure. By use of Scurlock's results (ref. 1) and the measured pressure
drop, the fraction burned was calculated. Concurrently, the light intens-
ity at seven statlons along the flame was measured and averaged.

Figure 26 shows a comparison of the fraction burned with the average
voltage (which is proportional to the average intensity) made by plotting
both against the frequency of disturbance for the three fuel-air ratios
examined. The following table demonstrates the amount of scatter in the
ratio of fraction burned to mean voliage.
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Fuel-air ratio Frequency, f, cps Average
F/Vqp
0 380 470 760 1500
F/Vp
0.0444 0.137 (0.131 O.¥34 10.137 |0.13]1 {0.134
.0515 L1017 .1070| .1065f .1083| .1035] .1056
.0580 .0818]| .0817| .0863; .0858| .0852| .085

From the relation

T 28 x length x depth
Vp = Uy x beight x depth x Vg

(where length, height, and depth are dimensions of the combustor) an __
avergage value of ST/VT is calculated. Using the average values in the

preceding table for F/VT at each fuel-air‘ratio, the following values
of ST/VT were obtained oo

Fuel-air Sq/Vips
ratio (rt/sec)/volt

0.0444 1.115
.0515 .88
.0580 .709

For these fuel-air ratios and the employed inlet temperature and pres-
sure, e laminar flame speed was obtained from Dugger (ref. 39). Then,

from

S1, -

'L B/

the voltage that would correspond to a laminar flame was calculated.

In the following table are tabulated Dugger's flame speed values
S1,5 the value of Vy, calculated from the preceding relation, and the

zone of Vg, measured directly by viewing a palr of laminar flames in

the test section. P .

. LL8g
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Fuel-agir ST, 81, |V by direct
ratio (ref. 39) Vg, = ST7VT measurement

0.0444 | 0.74 0.663 [0.658 to 0.682
.0515 | 1.10 1.25 1.15 to 1.39
.0580 | 1.32 1.862 | —memee————-

S,

The Vi, teken from values of §E7VE- that resulted from momentum-

pressure-drop measurements falls within the limits of Vi by direct

measurement in the table and is used as the calibration of the photo-
multiplier probe. Local values of ST/SL reported subsequently are de-

fined by the ratio of voltage read st that station to this vy, for the
appliceble fuel-air ratio. '

Comparison of Flame Speed with Fleme Appesarance

Shadowgraphs were taken at the same conditions used in the preced-
ing comparison between average voltage and Ap. Some of these shadow-
graphs, along wilth the distribution of ST/SL for each case, are pre-

sented in figure 27.

In most of these photographs the. gross disturbance caused by the
input sound can be identified. If & line is drawn along the turbulent
flame fromt faired through all but these gross wrinkles, its length
divided by the length of a line faired along the undisturbed surface
should be equal to

52 - Area of flsme disturbed at frequency T
Ay/a - Area of undisturbed flame surface

A similar rstio is available from the average volteges obtained by the
photomultiplier survey in figure 26 defined by

A\ _ (Vp)assturbed
Ay/p (VT)undisturbed

The following taeble shows & comparison of the (AD/AU)A obtained by

the former method and (Ap/Ay)p obtained from the photomultiplier
readings. :
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Frequency, Fuelﬁair ratio
X, cps :
0.0444 . 0.0515
2 [(2) (=) (2
Ay/p | \Pu/a | \Pu/p | \Au/a
0 1 i (1 1
380 .18 | 1.15 (1.09 | 1.11
570 1.304|1.185|1.,19 | 1.12
770 | 1.23 | 1.23 |1l.10 | 1.18
1500 1.10 | 1.0851.09 | 1.07

In general the correlation is good. It may be signlficant that at
570 cps the (Ap/Ay)p is sbout 10 percent greater than (Ap/Ay),. At this

frequency, it is relatively easy to measure the area; that is, experi-
mental scatter should not be as great as 10 percent. The evidence sug-
gests the generation of additional turbulence in the flame, over and
above the growth of the low-frequency-imposed disturbance. It is regret-
table that a laminar stabilized fleme could not be obtained in this equip-
ment, because this frequency could conceivably cause a transition point
from laminar to turbulent flow. -

For each plot (fig. 27(a) to (e)) u' is a constent, so that uf/Sy
decreases with increasing fuel-air ratio f/a. ST/SL decreases, for the

most -part, with lncreasing fuel-air ratio and, therefore, wilth decreasing
I/S
L* C -

At a gilven x position, the reatio (AD/AU)P defined by

(ST/SL)disturbed

(ST/SL)undisturbed_

keeping with the Interpretation in the STABILITY ANALYSIS. The following
table gives the values of AD/AU at 570 cps for the three fuel-air
ratios. R

descends with ascendﬁng:?uel-air ratio. This is in

L18S
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X, Fuel-air ratio
in.

0.0444 0.0515 0.0580

Ap 1ub70 | A | U570 | 4 | U570

Ay (B, | B |Br, | B |Bg

1.522 | 2.025 { 1.129 | 1.220 | 1.076 | 1.055
1.183]1.437 | 1.205| 1.107 | 1.122 .962
l.166 { 1.376 } 1.175 | 1.08 | 1.119 937
1.177 }1.358 }1.151 | 1.058 | 1.147 .913
1.197 }1.352 §1.129 | 1.038 | 1.116 .873

N> uwmH

Distribution of Local Sp/S; Values with Respect

to Various Frequencies

Figure 28(&) shows a plot of ST/SL ageinst distance from the
flameholder. Figure 28(b) is a cross plot of ST/SL agaeinst frequency

at several stations. Great care was taken in keeping fuel-air ratio,
veloeity, and plate voltage to the photocell constant throughout the run.
The 0.306-inch flameholder, modified to prevent leakage about the edges,
was used. The disturbance veloclty measured as described earlier gave a
ul! = 2.16 feet per second for gil fregquencies.

In order to compare these data with theory, the following computa-
tions were made:

(1) From the preceding calibration the fraction burned is calculated
as a function of combustor length for the upper envelope of the ST/SL

curves for the disturbed flames.

(2) An idealized hz/hl against length was obtained from this
fraction burned using Scurlock!s results (ref. 1).

(3) Increments of length over which a glven frequency has a maximm
Sqp/S;, were read from figure 28(a).

(4) These increments were plotited against hz/hl and compared with
the theoretical plot taeken from figure 1ll. Recall that

2aghy Yo

T = —xzn]
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Results of steps (1) and (2) are shown: in Figure 29, and steps (3) and
(4) in figure 30. =

Similer data were taken at the lower amplitude, u* = l.44 feet per
second, and gave similar results. Coe

Disturbance-Displacement Growth

In this section the actusl disturbance-displacement growth is com-
pared with that of qualitative theory (fig. lO!.

In an effort to produce low-disturbaence emplitudes, the glass walls
of the test section were reduced to 6 inches in length and the flame-
holder moved to 5/8 inch downstream of the nozzle entrance. At this
position the spesker inputs were calibrated with the hot wire as previ-
ously discussed, and shadowgraphs were taken for severasl low smplitudes.
As mentioned under "Turbulence intensity and spectra™, the flemeholder
boundary layer underwent transition in the separated layer. The photo-
graphs of figure Slga) show that, at these low intensltles, the apparent
width of the flame was not appreciably '‘altered. The mean flame width
megsured from a direct photograph was.used to determine hz/hl'

The displacement h was measured .as the distance from surrounding
crests to a given trough In the flame surface. Measurements were made
on both sides of the flame for each photograph. No attempt was made to
geparate the component of h because of superposition of a random ve-
locity disturbance upon the imposed disturbance. The data for two am-

plitudes and two frequencles obtalned in this manner are shown in figures

31(b), (c), and (d). The dashed curve is the qualitetive curve from
figure 10.

The knee should occur between (ho/hy)po. and (ho/by)opiticel 88

discussed in the sectlon Relation of Theoretical Results to Measurable
Quantities. The vertical dashed lines :in flgure 31 are drawn through
these two values. It can be seen that, and with the genersal shape of
the qualitative dashed curve known, if a line were faired through the
data polnts, it would exhibit a knee in the region bounded by (hZ/hl)max

end (hp/hy)epiticals A comperison of figures 31l(c) and (d) shows that
the knee moves to increased values of hz/hl a8 frequency is reduced.
Both the value of hs/hy where the knée oc¢curs and the variation of
this value with frequency sgree wilth the results of the analysis.

Disturbance Phase Veloclties

From the photographs of figure Sl!a), values of cr/U1 were deter-
mined, again using the mean flame width to furnish hz/hl' The quantity

riqc |
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Uy/U, vas then determined from Tsien's results (eq. (3)). Wavelengths

were measured from trough to trough, and the mean position of a pair of
troughs located the appliceble value of hz/hl' The results for two fre-

quencies are shown in figure 32Z2.

The dashed lines are the values of c,/U; obtained from figure 5§b),
which is based on the results and interpretation of the stebillity anal-
yesls. The scatter of the experimental data is quite bad, but the magni-
tude and trends of the data remote from the flameholder are quite good.
Values of cr/Ui less than unity are obtained for values of hz/hl<:l.5,

which implies flow reversal within this region.

Effect of Test-Section Depth

A single run was made to determine the effect of the test-section
depth on the results. Figure 33 shows the data obtained with the l-inch-
deep combustor at a velocity of 50 feet per second and a fuel-air ratio
of 0.0493. The turbulence at the center of the duct was helf that of the
1/2-inch duet. Combustor depth seems to have some influence on the tur-
bulent flame speed, but not on the effect of imposed disturbances.

The undisturbed flame speed in the l-inch duct arrived at slmost
twice laminar flame speed in a longer time than with the 1/2-inch duct.
The effect of imposed disturbance on amplification as a function of fre-
quency remains the same, however. This can be seen from a comparison of
figure 33 with figure 28(a). The range over which a given frequency
dominates, taken from this run, is also plotted in figure 30.

Effect of Amplitude

The effect of amplitude on single frequencies is shown in fi e
34, where flame speeds for two levels of excltation (580 and 960 cpsi
are compered. TFor the lower frequency, the increase A(STD/STU) varies

directly as u' at the two conditions. For the higher frequency, the
curves cross. Thus, for lower excitation the effect is felt farther
along the flame than for higher excitation.

This behavior is not datas scatter and was checked repeatedly. The

same sort of thilng occurs at 1500 cps, although not so markedly. The
reason for this snomalous behavior is not immediastely apparent.

Effect of Flameholder Size

Figure 35 compares ST/SL and fleme appearance for two flameholder
sizes at a veloclty of 50 feet per second and a fuel-air ratio of 0.044.
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Figure 35(a) shows data for a l/z-inch:flameholder and a variety of ex-
citation frequencies. The 580-cps excitaflon is agein the dominant one,

but not so markedly as before. Filgure 35(b) shows the set of correspond-
ing shadowgraphs. Figures 35(c), (d), 'and (e) compare values of Smp/Sy,

for 0.500-inch and 0.306-inch flameholders and give a shadowgraph picture
for each case. The effect of flameholder size can be summeriged as
follows: : .

(1) In each case, flame speed is noticeebly decreased with the
larger flameholder.

(2) The impact of the 580-cps frequency 1s not nearly so great in
the 1/2-inch flameholder as in the 0.306-inch flameholder.

The decrease 1in flame speed with increase in flameholder size might
be explained by the theory that (1) thé weke region is longer and (2)
the growth of the higher frequencies 1s therefore somewhat inhibited by
this long, relatively stable wake. ‘

Effect of Velocity

Momentum-pressure-drop and flame-spedd readings were taken over a _
range of frequencies, using a 0.306-inch flameholder, a velocity of 100
feet per second, and fuel-air ratio of 0.0493.

The results are shown in figure 36(a). The metering systems drifted
slightly at this setting, meking it difficult to hold fuel flow steady
and causing some scatter in the calibration Sy,.

The most sensitive frequency at 100 feet per second was 1700 cps,
which is about three times the frequency observed at 50 feet per second.
Clearly the effect is not =llied with a spontaneous eddy-shedding fre-
quency. The fractlon burned is not so great as at 50 feet per second.
Also, the flame speed increased sherply up to the end of the duct. These
two factors would tend to emphasize the higher frequencies within the
limited duct length, and would seem to be directly related to the insta-
bility of the flame zone. The single dste point at 1700 cps is included
in figure 30. Lot -

This run was directed toward finding a frequency other than 580 for

meximum effect, mainly to prevent duct resonance, A different frequency
for maximum effect was obtained. Shadowgraph photographs of these flames
are shown in figure 36(b). Again, the disturbance is antisymmetric.

The possible effect of duct resonance on these resulis must be con-
sidered. The modes of resonance likely to occur in a combustor are the
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"organ-pipe" or longitudinal modes, the transverse modes, and a single

mode coupling the combustion chamber with the volume upstream of the

nozzle. In the configuretion studied, the longitudinsl modes have fre- L
guencles, roughly, of 250 or 500 cps plus multiples of 500. The trans-
verse modes have a minimum frequency of 3000 cps, so they are not con-

sidered here. The last type of oscillation gives a frequency of the

order of 45 to 90 cps and is below the range of interest.

A longitudinal mode could affect the results in two distinct ways:
(1) If the flameholder were placed in a standing wave system at a pres-
sure node, the time-varying velocity past the flameholder would cause
large initial disturbances that would be symmetric with respect to the
duct axis. (2) If the flameholder were placed at a pressure loop, there ,
would be & coupling between the combustor and flameholder resonance that
would be initially compensated for by the input calibration already dis-
cussed. If the nature of duct resonance shifts the resonant frequencies
so that this compensation is no longer adequate, the input u' is no
longer constant for all the frequencies.

Because the photographs of figure 36(b) show the disturbances to be
antisymmetric, the first manner of coupling is rejected., To explore the
second manner of coupling, the input wu' for the frequencies on either
side of the most sensitive ones (l.e., 1500 to 1700 cps; see fig. 36(a})
were increased by a factor of 3. In no case was it possible to increase
the fraction burned as much as the 1500~ to 1700~cps disturbances did.
Tt is concluded that the results shown in figure 36(a) are due to the
sensitivity of the flame zone to the imposed disturbance and are not due
to duct resonsnce.

Symmetric Disturbances

A symmetric disturbance was used for tests with a 0.315-inch flsme-
holder, velocity of 50 feet per second, and fuel-air ratio of 0.044. No
seperate calibration of input sound was attempted, the inputs of the
antisymmetric-disturbance tests being used.

The results are shown in figure 37(a) and corresponding photographs
in figure 37(b). Comparisons with flame speeds obtained with antisymmet-
ric disturbances are given. There was a leak of spproximately 1/16 inch
past one edge, which provided an additional flame surface and increased
the spparent mean flame speed near the flameholder but did not disturb
the results at some distance from the flameholder. In genersal, symmetric
and asntisymmetric disturbances gave roughly comparable shifts in flame
speed near the flameholder. At a distance from the flameholder, anti-
symmetric disturbances increased the flame speed more than did symmetric _

* disturbances. These results are in accordance with figure 10.
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DISCUSSION

This section is devoted to a discussion of the guestions raised by
the analytical and experimental phases of the investigation.

1. In what respects do the experimental results and the interpreta-

tions of the stebility analysis sgree? -

merized In the following table:

The areas of agreement are sum-

Interpretation of stability
analysis

Investigation of sensitivity of
a flame in a duct to transverse
velocity disturbance

1. The flow is steble to symmetric

disturbances, unstable to antisym-

metric disturbances. A qualifi-
cation is made near a flameholder
where the two types of disturb-
ances are equally unsteble.

1. The flame seems about equally
unsteble to symmetric and anti-~
symmetric disturbances near
flameholder, 1s more unstable
to antisymmetric disturbances
fer from flameholder.

2. In moving along the flame at
phase velocity, a disturbance of
given frebuency grows until the
flame width becomes ebout 0.4 of
the wavelength, then an apparent
decay of the disturbance begins.

2. A disturbance of given fre-
quéncy first grows, then de-
cays. The critical flame
width where decay starts is
slightly smaller than that
predicted.

3. There is a most-amplified fre-
quency having a wave number
2aphy = 6 =+ 8.

3. There is a most-amplified fre-
quency which, for the lengthse
investigated, corresponds to
_2aohl = 12,

4. The phase velocity ranges from
a velocity equel to the cold-gas
velocity at the flameholder up to
1.5 times the cold-gas velocity
far from flameholder.

4. The phase velocity behaves
‘much as predicted except near
'the flameholder, where it is
“lowér then the cold-gas
.velocity.

5. The amplification depends on
'/STO for a given dho/dx.

5. The amplification depends on
v‘/STO for a glven dhz/dx.

The detalls of the system that would define more exactly the short-

comings of the stability analysis as well as the adequacies await the
development of a transient-velocity measuring technique thet can be used
in & flame zone. Imn at least one instance there was evidence that a form
of transition took place (see Comparison of Flame Speed with Flame Ap-
pearance).

The stability analysis cannot indicate when this takes place.

L18S
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2. Would the same distribution of displacement and ST/SL with dis-

tance from the flameholder obtain if no growth occurred in the flame
zone ! - This seems unlikely. For example, if the input disturbance dis-
tribution simulates a source at the corner of the flameholder, only near
the flameholder would there be & marked transverse velocity component.
The highest frequencies would show the greatest increases in flame speed.

3. Do eddies shed? - They certainly seem to. In figure 38 photo-
graphs of a lean flame, both the shadowgraphs and the direct photographs
taken through the stroboscope, are compared with & smoke-trace photograph
of eddies shedding from a rod at a Reynolds number of 73 (ref. 32). The
appearance of flame clearly indicates that eddy shedding is present.

As the fuel-air ratic is increased, the range over which these eddies
appear near the flameholder narrows. Figure 39 shows a plot of frequen-
cies at which eddies appeared against fuel flow from lean to rich blow-
out. These dete were obtained by exciting the flame at frequencies at
which the constant-speed stroboscope would permit observation, that is,
approximately every 100 cps.

Eddies are characterized by lobes of flame of about equal slze on
either side of the flameholder. These are contrasted to mere sinuosity
of the flame. At 700 cps the lobes appeared symmetric, indicating duct
resonance at this frequency. At 800 cps the lobes were antisymmetric
and were observed throughout the fuel-air ratio range. At the lean fuel-
air ratios, most of the disturbances produced eddy shedding.

4. Does the turbulent-flame propagation velocity depend upon up-
stream turbulence? -~ It should. Bolz and Burlage (ref. 11) and Mickelsen
and Ernstein (ref. 12) have shown turbulent fleme speeds to be in fair
agreement with Scurlock's theory (ref. 8), omitting flame-generated tur-
bulence effects., These data were obtained in turbulent "soap-bubble"
flames. Thus, in addition to the effect of the instabilities mentioned
here, the incident turbulence should have an effect.

The most important point, however, is that the instebility merely
acts as an amplifier for a relatively narrow range of frequencies, the
output within limits of the linearized theory being proportional to the
input. Part of the input is, of course, the turbulent motion. The other,
and in some cases the most important part, is the role played by the
sound in the duct which, upon hitting the flameholder, produces a trans-
verse velocity that may be subsequently amplified. In that this sound is
releted to the incident turbulence, the turbulence has an effect.
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Some data on an effect of incident turbulence were obtained while
exploring the properties of the system. Figure 40 shows a plot of ST/SL

against distance from the flameholder x for two flameholder positions
and two fuel-air ratios. The teble in the section "Turbulence intensity
and spectra" shows that the turbulence intensity increases from inlet
nozzle to exhsust and from the wall to the interior of the test section.
Taking as representative the value of u' measured 3/16 inch above the
flameholder 1lip, the values of the turbylence parameter _u'/SL vary

over a factor of 2 for the two flameholder positions. It 1s apparent
that, everywhere except near the flameholder, there-is little effect of
the initlal u'/SL values measured. The data are insufficient for pin-

pointing the cause of this lack of effect. Two surmises sppear warranted:

(1) The flame was noisier at the 9-inch position than at the 6-inch
positlion because of flame-duct interaction. u' was measured in the -
absence of & flame.

(2) The turbulence found upstream of the flameholder was due to
trensition 1n the boundary layer. The u' in the boundary layer was
growing for both positions measured., It is thought that the growth of
thils ut! is accelerated when the boundery layer separates from the
flameholder and quite repidly achieves & value that would be relatively
ingensitive to u' prior to separation.

Additional data on the effect of upstream turbulence were obtalned

by putting three banks of 200-mesh screen Just upstreem of the flame- _. o

holder. Shadowgraphs of the flame in this case with and without a 560 -
cps disturbance are shown in figure 41. Also plotted in this figure is
ST/SL measured with and without screens against distance x. 1In the

absence of imposed disturbances, ST/SL iisllower with the screens than

without. Although the conditions were set for 50 feet per second, leaks
were found between the mixing section and the flameholder for this run
so that the veloecity was not known. The reduction in ST/SL is thought

primarily due to the reductlon iIn u' by the presence of the screens.

It is of Interest to compare the fleme-speed data obtained in this
investigation with data taken in a simllar apparatus. Figure 42 shows a
comparison of ST/SL obtained by photomplt;plier tube with ST7SL ob~-

tained by Scurlock (ref. 8) by measuring a mean flame width. Because
S1, was taken as a property of the mixture, the values of ST/SL near

the flameholder are low. The values of LST/SL obtained with the rela-

tlvely high fturbulence eppear higher than those obtained by Scurlock.
The possible displacement of the gbsolute mggnitudes of ST/SL due to

the different methods used would not warrant interpreting these data to
give a quantitstive dependence on turbulence intensity.

[ 4

L18¢
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5. How does ST/SL obtained from ares measurements compare with
ST/SL taken from photomultiplier data? - The shadowgraphs indicate con-

giderable wrinkling of the flame surface. In addition, it eppears that
density gradients exist within the outer envelope of flame surface, im-~
plying heat release there.

Since no single continuocus flasme surface is apparent, measuring
flame sres from these pictures seems impossible. For the sake of com-
parison, however, some relative surface extension should be of interest
to those who would formulaete a theory of turbulent flame propagation.
Such measurements were made in the following manner: The negatives of
a group of photographs were used to project an image of the flame on a

%— feet in length.

A map measure was used to find the length of the outer envelope of the
group of flame images, ignoring the obvious demnsity gradients within the
outer envelope. Lengths were measured on the top and bottom surface of
each flame, averaged, and divided by projected length. The resulting
quotient is defined as (Bp/Sy)y.

screen. The image of a 6~inch test section measured 2

In the following table, the ratios so obtained are compared with
the average ST/SL obtained from a photomultiplier survey (ST7SL)P.

(S_T) (8¢/51)p

Fuel-air| Uy, |Flame- | Photo- | Excitation (ﬁ)

ratio holder | graph | frequency o
ft/sec size, from f, cps ’ S1/a | \PL/p (ST;SL)A
in. fig. -

0.0444 | 50 0.306 | 28(a) 0 1.436| 2 1.392
.0444 | 50 . 308 28§e) . 560 1.77 2.54 1.430
.0515 | 50 .306 | 28(a) 0 1.40 | 1.82 1.30
.0444 | 50 .5 28(a) 0 1.36 | 1.735 | 1.28
.0493 |100 . 306 37(b) (0] 1.65 2.460 | 1.490

In general, the trends indicated by the (ST7SL)P are followed by the
(ST/SL)A' In view of the obvious internal structure and three-dimensional

nature of the wrinkles, no argument for or against the wrinkled flame as
an adequate turbuler®t flame model can be introduced.

6. How can flame speeds be predicted on the basis of these results? -
The most promising method of predicting flame speeds would be hased on an
incident and amplified spectra, as recommended by Marksteln (ref. 14).
For example: If the incident v' spectrum corresponds to en Iy of

0.15 inch and each frequency is amplified as the theory states, the
spectra at hs/hy = 0.5 and 0.25, for 1/K; = 20, would correspond to
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the ones shown in figure 43. Between the two spectra would be a con-
tinuocusly shifting spectrum. Whet is needed, then, is a model of flame
propagation that would allow for a continuously shifting spectrum of
turbulence. This model should have the advantage of allowing for the
appearance of discrete frequencies thet dominate the balance of the
spectrum. :

An interesting point comes up in regard to spectra. It is seen ex-~
perimentally as well as theoretically that very little effect is derived

from exciting the flame at a frequency less than _%-EEI or greater than

4U/2hl (see figs. 26, 36, and 7). It would appear, therefore, that for
the present conditions (i.e., velocity of 50 ft/sec, 2-in, duct) the
energy in the spectrum of turbulence below 200 cps wlll not increase
flame spreading.

A plot of the percentage of energy in the turbulence at all frequen-

cles below f against fo/U from Drfden (ref. 40) ie shown in figure
44. For an assumed scale Ly = % 2hy, the frequency below the frequency

2 U represents sbout 35 percent of the total turbulence energy. This

3 Zhy

amount of energy is contained in disturbarices whose frequency 1s too low

to be amplified to any usable extent by the flame zone. Similarly from

4U
figure 44, the energy in the spectrum pelqw the frequency £ = EEI

L
or f T% = 0.66 ) is 85 percent of the total turbulence energy. Thus,
about 15 percent of the turbulence energy is at frequencies too high to
be appreciably amplified by the flame zone.

The scale of isotropic turbulence ‘that would put the largest per-~

centage of energy in the frequency range _E L <f< 40 can be found
3 2hy 2hy _

from the extremum of the quantity (ref. 38)

-1 4U Eg . -1 2 U _EE
tan <2:nf _Zhl U) tgn an z _Zhl_ T
i 1

or
2hy

1
Lx='i-6

P B

1100
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In this case the amount of energy within the frequency range is 55 per-

cent of the total as compared to 50 percent for L, = % Zhl; 40 percent

for L, = % 2hy; and 45 percent for L, = %8 2hy .

7. Can the results concerning frequency be applied to multiple
flameholders? - If n flemeholders sre arranged so that the flow field
can be aivided into n identical segments, Scurlockfs results hold for
each segment. The results in the theoretical sections of this report
for the stebility of the flow field gpply to each segment and rely on
the condition that v' vanishes at the boundary of each segment. Al-
though one of several modes of instability may satisfy this condition,
it is obvious that the foregoing results do not give any information
about the other modes.

To illustrate the occurrence of multiple modes, consider a profile
examined by Lin (ref. 24, pp. 219-220) where

U=A+Bsin%y

Lin shows thet the wave numbers for neutral stabllity of the different
modes avallsble are dependent upon the number of inflection polnts in
the flow and can be given by

(a1)? = (%j;—lf - (o2

The choice of 1 = Xy yields the following profile which is similar
to the one studied earlier in this report for a single flameholder

|<———7, -_-)\y

—_—

¥
For this case neutral stability occurs at aly =al = ﬁq/EL 0.
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If two flameholders are present, the profile (following sketch) may
be approximated by setting 1 = Zly. :

For this case the wave nmumbers for neutral. stability of the four modes

obtalned are —
aky = 7 = T Vr—, ﬂq/_; -JK:

Two new modes gppear in addition to the! two for the single profile.

Similarly, for three flameholders,:

aky = Q % = 3[_— «/—- ﬁ\/—;- 3[:; jli 0

3) 3)
that 1s, there appear four roots in addition to the two for 1 = Zy.

In short, the single mode investigated in thils report is applicsble
to the case of multiple flameholders, but ouly as one of several modes
that combine to give the entire instebility.

8. Can the excitation st the flameholder permit increassed combustion

rgtes without destroyling the burner walls? - Yes. 1In these tests the
sound level at the exhaust plane was only 93 decibels with the flame ex~
cited. When the flame is excited by theé destructive duct resonance, the
sound level is of the order of 200 decibels (ref. 19).

In order to apply thile type of excitation to an engine, the control
exerted herein (a spesker system) would inot be needed. Instead, the dis-
turbance can be introduced by suitsbly placed whistles, mounted on the

LIBE
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flameholder and driven by the flowing stream. The whistle ideally should
have a number of strong overtones and s fundasmental equal to the most
sensitive frequency UO/Zh. The overtones would serve to increase the

heat-release rate near the flameholder, while the fundaemental would in-
crease the heat-release rate far from the flameholder.

9. What would be the sacrifice in stability and pressure drop for
such an excitation? - Both these penalties require further investigation,
but from work that has been done the price does not seem high. For ex-
ample: When the flameholder was placed 5/8 inch from the nozzle entrance
and a 6-Iinch-long test section was installed, lean blow-out at 50 feet
per second occurred at a fuel-air ratioc of 0.042. At a fuel-air ratio of
0.0453, the disturbance amplitudes required to cause blowout were found
for several frequencies. The resulis are shown in figure 45. Minimum
disturbance velocity was required at 780 cps. At this condition the
flameholder without flame had an eddy-shedding frequency of 420 cps. The
Strouhal number is thus 0.206, agreeing well with the results of Roshko
(ref. 38). The cold-duct resonance fundamentsl was 1000 cpe. The rea-
son for this result is not known. The main point here, however, is to
show the effect of disturbances to be used for promoting flame propsegsa-
tion upon flameholder stability. It was found that, at a fuel-air ratio
of 0.047, 1t was impossible to induce blowout with speaker inputs as much
a8 10 times those used in the eariier tests. It seems safe to say that
the Imposed disturbances will narrow the stabllity range slightly but not
prohibitively and the amount of narrowing will depend upon the frequen-
cies imposed.

An interesting observetion was made in the study of lean blowout.
As the lean blowout fuel-air ratio was gpproached, the flame emitted a
low-frequency noise at 87 cps. The average heal release rate dropped
abruptly. A survey taken with the photomultiplier probe showed the flame
to be intermittently extinguished for all positions greater than 7/8 inch
downstream of the flameholder. Typlcal wave forme observed st several i
stations downstream of the flameholder are shown in the following tsble.

Distance downstream| Wave form of photo-
of flameholder, in. multiplier signal

|- o

5
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Random photographs teken at this conditlon ghow intervals during which_
no flame was present in part of the combustor. These photographs appear
in figure 46. CL }

It is curious that the flame surface facing upstream at the break
in the flame is strong and well-defined both in the photomultiplier and
the shadowgraph observations. The flame surface faclng downstream is
conversely ill-defined in both methods of observation. Near the point
of rupture the photomultiplier signal is approximately symmetric. No
explanation for this is apparent. The most slgnificant feature of ‘these
data is that this form of resonance accompanied by intermittent blowoff
downstream of the sheltered zone was the only form of excitation that
reduced the heat-release rate in the combustor. On this basis it is
tempting to generalize thet all oscillationg that do not cause flame
parture must increase the heat release rate in the combustor.

For the frequency of maximum amplification (560 cps), an increase
of as much as 30 percent in heat release or_gbout 0.2 percent of the
kinetic energy of the flowing stream XE i,eqn Was obtained in the 6-

inch-long combustor for an energy flux

Esound _ 6 .
KE 2500

stream

In this case the noise level at the exhaust wés 93 decibels.

Another way of increasing the heat release rate that is indirectly
suggested by the present paper is to locally accelerate the flow or alter
the profile to & more unstable one by use of a convergent-divergent com-
bustion chamber. One way these can be combined with the introduction
of a V' at the desired frequency is to: construct a combustor with a
wavy wall. Using this method of excitation would require a new experi-
mental determination of the desired wavelength and amplitude of the
wall's waves, but would eliminate any effect on fleme anchoring.

10. Cen anything be done sbout predicting the behavior of axially
symmetric flemes 1n cylindrical ducts? - A 1ittle can be done. Firset,
the steady-state problem, solved by Scurlock, of the cylindrical flame
in & cylindrical duct yielded a _f\_ profile as opposed to the _\_
profile for plane flow. IT the arc partof,the curved profile 1s assumed
perabolic, the cylindrically symmetric disturbance equation can be solved
by elementary functions for the case of symmetric disturbances. This,
however, accomplishes nothing, because the profile is neutrally steble
to symmetric disturbances. This is the same result obtalned for the

/\_ profile in the plane case., For the case of antisymmetric disturb-
ances, the problem 1ls more compliceted and ¢ simple solution 1ls apparent.
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If the profile is affected by a flameholder in such a way that it
may more nearly be approximated by & _s—\_ profile composed of three
stralght-line segments and two parsbolic arcs, a range of instebility
for symmetric disturbances is obtained. This profile cen be compared
with the corresponding profile in plane flow _/\_. Such an analysis
is given in the gppendix. A few calculations are given to permit com-
parison with the data of fi e 15, for conditions that bh; approaches

infinity and p 1is constant throughout. The results are compared in
the following table:

D' b’
Cylindrical case Plane case
1p' 2ab
2 b |Plane case |Cylindrical
case

0.1 2.26 2.08

2 2.55 2.42
1.0 2.55 2.54

In these cases the critical wave numbers agree quite closely. At a
first guess 1t would seem that the results for the case of plane flow
would be a falr spproximation for the case of cylindrical flow.

In order to obtain a rough experimental check on this supposition,
a l%—inch-I.D. glass tube and its accommodating nozzle were installed in

place of the rectangular test section. The 1/2- by 0.306-inch antisym-
metric flameholder was retained. At 50 feet per second and a fuel-air
ratio of 0.047, resonance-free operation was obtained at a combustor
length of 4% inches or less. With the flameholder set to give this
length, the disturbance inputs were calibrated as before to give a dis-
turbence velocity of 1.8 feet per second. Then the burning run was made
with the settings indicated by calibration. The flame speeds were meas-
ured by the photomultiplier probe plus a measurement of an average local
fleme diemeter. The results are shown in the following table:
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Frequeuncy, ST/SL
f, cps . '_'"

1l In., from |2 In. from |4 In. from
flameholder flambhoider flameholder

0 2.27 3.31 3.58

200 ———— 3.56 3.77

385 2.59 3.56 3.95

580 2.68 3.56, 3.95

770 2.82 3.65:f 4.25

980 2.89 3.70_ 3.80

1170 2.89 3.70 3.73

1360 2.96 3.65 3.73

1740 3.09 3.65 3.99

The flame speed in this case 1s almost twice as high es in the plane
burner. Part of this increase is undoubtedly due to the disturbances in-
troduced by the corners of the flameholder. The fraction burned in this
case is 20 percent at the position 4 inches from the flameholder, corre-
sponding to hz/hl = 0.7. Therefore, the frequencies in 4 inches of

this duct may be compared with those obtained in 6 inches or more of the
rectanguler duct.__Ihe values of 2Zaghy Igig;ng the grestest increase in

flame speed at the termini of the respective ducts are

Frequency, | 2hp, Ups Géometry 2aghy
£, cps in. |ft/sec| ' . for max.

By/8y,

570 2 50 |Plane 11.95

770 1.5 50 |Cylindricsl| 12.10

Of course, these data were obtained in a single test, performed to
satisfy curlosity. The agreement does mpke it seem likely that a
carry-over of aboiit 1:1 would be feasible 1n going from the plane case
to the cylindrically symmetric case.

SUMMARY OF RESULTS

THEORY @ ~

The flow field of a flame in a &uctﬁis unsteble to transverse dis-
turbances having wavelengths 2.5 times the local flame width.

LL8%
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The amount a given frequency disturbance will grow variles directly
as the frequency and inversely as the rate of flame spreading dh/dx
and is independent of velocity and density ratio across the flame front.

The frequency where meximum velocity-disturbance growth obtains is
o285
T oo Zhl’

where Ug is approach velocity amd 2h; i1s duct width.

This meximum growth occurs by the time the fleme fills 64 percent

of the duct and implies an amplification v'/vy = (1.108)7*1  vhere
Ky = dh/dx. Frequencies higher or lower than this are emplified less.
Higher frequencies achieve their terminal amplification at smaller val-

U
ues of hZ/hl' For example, a frequency of Eéé E%I hes en amplifica-

tion of vi/vg = (1.07)/%1, where ¥ = dhy/dx by the time the fleme
fills 28 percent of the duct.

By using a crude model of flame propagation, it is possible to pre-
dict the qualitative effect that smplified disturbances of discrete
frequencies will have upon turbulent flame speed.

EXPERTMENT

The effects of disturbances imposed at the flameholder are in sub-
stantial agreement with those predicted by theory. In addition, the
results show:

1. Eddies shed from the flameholder with fleme when suitably
excited.

2. The turbulent- to laminsr-flame-speed ratic varies inversely as
flameholder size, directly as ratio of flow velocity to flame speed or
ratio of disturbance velocity to flame speed.

3. Potentially, the most useful theory of turbulent flame propaga-
+ion would be based on an incident and locally shifting spectrum of
turbulence.

4. Gains in local heat release rates can be obtained by using acous-
tic disturbances &t o flameholder without demage to walls or excessive
energy expenditure.

CONCLUDING REMARKS

The form of instability that is discussed in this paper is of in-
terest in formulating a theory of turbulent flame propagation along with
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plane combustion wave Instability, and the boundary layer instability,
mentioned earlier. At present it is not kmown whether the latter two

forms of instebility can be encouraged to influence turbulent flame
propagation more than they do spontanecusly. The little evidence that

is available makes it appear that they cannot. The type of instability

that is discussed in the present paper iis of addltional signiflcance for

the reason that its effect on the ratia of turbulent to laminar flame

speed can be increased in some important appllications. Several methods

of incressing this ratio are as follows: —

1. Increase the disturbsance velocity at the frequency the flame zone
can smplify. -

2. Increase the asmplificstion rate by locally raising the mean ve-
locity in the combustor.

3. Incregse the amplification rate by locally varying the velocity
profile. ;

A method of employing all three of these improving factors would
be to build e combustor having a wavy wall.

Although the second and third methods listed will clearly cause an
increase in pressure drop, the first method substantlaslly increased the
heat release rate at a cost of a very small fraction of the kinetic
energy in the gpproach stream flow and @ slight reduction in the operat-
ing range of the flameholder.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, July 23, 1956
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APPENDIX - AXTALLY SYMMETRIC DISTURBANCES IN

AXTALLY SYMMETRTIC FILOW WITH DENSITY JUMPS
This appendix examines the stability of the flow field arising from
a fleme in a duct for the case of axial symmetry. The results are used
in the body of the text to compare wave numbers for neutral stability of
comparable plene and axlally symmetric flow flelds. The symbols are
defined where used.

DISTURBANCE EQUATION
Pillow (ref. 25) defines the quantity ¥ as
v = o (r)ela(z-ct) (A1)

The veloclty in the z-direction 1s

u=U+u’
In the r-direction,
v=1v'
where
v*=-%1’£, ut = Lo(r¥) (A2)
b r dr

and the continuity equation is satisfied identically. Pillow shows that
the disturbance equatlon then becomes

(G0 -rm-ad]-ao-o(-2u) =0 Ga)

where

s
ar

Rl

M= +

ﬂ‘l“‘m
[ay)

-3 vy

and R is Reynolds number.

If the study is restricted to cases where R » », and U" = %'U'

(i.e., parebolic profiles or flat profiles), then equation (A3) becomes

(M- a®)o =0
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or . . L Lo =

2 : ; .
e  1do 1, 2 _
d_r2+rdr rZ'?-a'___—o (A5)
with solutions

where Il and Ky are modified Besselj:furrl;_:’cions of 'l:he_ first and sec_:Qnd.
kind. Therefore, :

= o sap(r)ela(zet)
= -igelia(z-ct) [alll(ar) + azKlﬁxr)] (A7)
and -
o =% d (v

]

et + %(p ela(z-ct)

eia(z-ct) {al [mll(&r) + 2 Il(di;t')] + ag [cnKl(oar) o Kl(ocr)]}é )
P A8

where the prime denotes differentiation’ with respect to the argument.

BOUNDARY CONDITIONS

Consider the following profile and density dlstribution -

iac.
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Let solutions to equation (A5) be denoted by ®,, ®3, ¥z for regions 1,
2, and 3 with densities p,, py, and pz, respectively.

As in the plasne case, the requirements are
91 =0 at by )
¢ = ¢ at ho
9p = ¢z &t hz ) (A9)

and because of symmetry

S
Ol
I
O
&
H
I
O
..

Similarliy,

(Al0)

Since, at r = hy,



78 o NACA TN 3830

then
Il(ahl) (A]_J_)
8q = -& ——(‘——)-
1 1 Kl “hl
At r = hp, @1 = ¢3 or with equation (All)
\
1( 1)
¢ = I:Il(“hz) A Kl(“hz)]
K loehy) (A12)
= (PZ = blll(d.hz) + szl(Q'hz)
/
At r =hz, ¢ = ¢z or
¢z = byI;(chz) + boky (ohz)
(A13)

@5 = ;I (ahg) + epk, (ahy)
Since Ky(ar) + < as ar - 0, Iy(er) +0 &8s ar -0, and at r = O,
®z = 0O,

co =0 _ . (Al4)
Since . —

g%="p(8-—+Ugl'-+v' _@E)

the pressure conditions yield at hy, (from egs. (A7) and (A8))

1 ' du
-py [(—cr,c+ia,U1) (or,(pi + g <pl)] = -py [(-i@ml) (occpz h <P2) -1ae, d.r]

(A15)
and at h3

+o {[ (o )+ (ot J(og + £ ¢3)} - +p2{[ i(ac)+i(aU3§l< - q,z)-i(d,)q,z %rfl}

(A18)

.

LL8g
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BOUNDARY VAIUE PROBLEM

Employing the following notation s

@1

3877

Bio =

B11 =

Big =

Iy (ahy)

I (ahs) - K (@) K; (chs)

P1

P2

Ty (dny) +o T, () - 1( 1 BT [ () + 55 Ty (o )]}

I, (ah,)

Ky (ahsp)

I (ahz)

K, (ahz)

all

I, (ahy) (gr_u

1(ohy) + & I(ah)

ho

akj (odp) + g K (any)

d
Kl(ahZ) (EU ho
Po '
o (T (og) + = Ty (o)
o)
5o (o) (abg) + 5= X (abs)

1 (czh5 ) (%%hz

g 1 (ot.hs) ( >h3

79

S (a17)
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and

vy = Iy (ahg) = By
Ty = a,IJ'_(onhs) + his Il(a.hs)

setting Uy = O (this merely alters the resl part of c¢ by Uy)

the determinantsl equation for 8y 5 bl, bz, and cq is
- . _
[ a b1 by c1
@y -B1 P2 0
0 B3 Ba - T1 =0 (A18)
-cap cfs + Bg cBy + Bg : - 9]
| 0 (Uz-€)Bg-By;  (Uz-c)Byo-Biy  -(Uz-c)rz

One immediate result of equation (A18) is to show that if 4u/dr
venlishes at either h2 or h3 in region 2, ¢ 1s resl for all mg.

This can be seen by sgetting

51
Bs=38=('d—;)h2=0

and factoring c¢ from the third row of equation (Al8), or setting
au
Bll:BlZ:(Er'_ 3=0

and factoring Uz = ¢ from the fourth Yow of equation (Al8). Either
operation leaves a determinantal equation in which ¢ 18 wholly real.

£
(d——U = g2
4O -
bz (A19)
LR
dr hs . 3 : —_

and

«1)ac
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p
Z g5, = ? (220)

then equation (Al8) can be reduced to

-
""“.3'52“1_ﬁ +cp °°°2"82°°1B 4 cp
oy 1 5 ""'a,l_"'" 2 7
Py Py =0
(Us-chrg +o-esry (Uz-c)rp 5 83rL
3 3
- +(U=z-c - +(Uz-c
T Bz+(Uz-c)Bg T By+(Uz-c)B1g
- = (a21)
This is in the form
me +n oc + P
=0
gc + 8 te +u

or
mtc? -oq_c2+c(mu+nt - 08 - qgp) +nu -ps =0
and the discriminant of ¢ is
D = m2u2 + n2t2 + 0282 + @2p2 + -Zmunt - 20sqp -

2muos - 2mugp - 2ntos - 2ntqp + 4oqnu + 4mtps (A22)
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If . D < 0, then ¢ 1s complex and en unsteble mode exlists. The

symbols of equation (A22) are defined '

1.

m=Bs-f3122-—l n )
n = Bigp :
°=B7'Bz§'2i ;.
P = Bo8p
Y2
1=Psy "o , (A23)

Y2
—_— [-33

Pa L
8 = Usbg - o 8383 7 Us .7

72
b =Py - P10

P2 . . T2
u=U3510'358$B4_-UsﬁB4

J
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Figure 1. -~ Geometry of flow

field.

U, flow velocity in x-dlrection; p, density.
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Turbulent- to laminar-flame-speed ratio, Sm/St,
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ances. Flow velocity U, 50 feet per second;
fuel-air ratio, 0.0444.
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Figure 45. - Distribution with frequency of disturbance veloclties
required to produce blowout at fixed velocity and fuel-alr ratio.
Flow veldcity at plane of flameholder Uy, 50 feet per second;
0.306-1inch flameholder placed 5/ 8 inch from nozzle; duct length,
5.7 inches; antisymmetric dlsturbances.
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Figure 46. - Spontaneous osclllations showing Intermittent
Pleme interruption. Frequency £, 85 cycles per second;
fuel-air ratio, 0.0444; flow veloclty U, 50 feet per second.
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